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ABSTRACT
Com m ercially a v a i la b le  fE* g la s s  f i b r e s  in  th e  form o f  s t r a n d s  have been 
s u c c e s s fu lly  used to  r e in fo rc e  gypsum p la s t e r .  Sm all q u a n t i t i e s  o f f i b r e s  
( 2 - 7  p e r  cen t by volume) were added to  produce g la s s  r e in fo rc e d  gypsum 
(GRG) com posites hav ing  much improved s tr e n g th  and f r a c tu r e  to u g h n ess .
The p ro p e r t ie s  o f GRG made by two d i f f e r e n t  f a b r ic a t io n  te c h n iq u e s  have 
been s tu d ie d  and a re  d e sc rib e d  in  t h i s  T h e s is .
The prem ixing  tech n iq u e  u t i l i s e s  th e  co n v en tio n a l methods o f m ixing chopped 
s tra n d s  and p l a s t e r  s lu r r y  and produces com posites w ith  a  random th r e e -  
d im ensional o r ie n ta t io n  o f f i b r e s .  The upper l im i t  o f  th e  f i b r e  a d d i t io n  
by t h i s  techn ique  was found to  be 4 volume p e r  c e n t. At t h i s  low le v e l  
o f  f ib r e  a d d it io n , th e  on ly  s ig n i f ic a n t  improvement observed  was in  th e  
im pact s tre n g th  o f th e  com posites.
The s p ra y -su c tio n  tech n iq u e  developed in  t h i s  programme o f  work produces 
com posites w ith  random tw o-dim ensional f ib r e  o r ie n ta t io n .  The optimum 
amount o f  f ib r e  th a t  can be e f f i c i e n t l y  in c o rp o ra te d  by t h i s  tech n iq u e  in  
th e  p l a s t e r  m a trix  was found to  be 7 p e r  cen t by volume. F u r th e r  in c re a s e  
in  th e  g la s s  co n ten t in c re a se d  th e  p o ro s i ty  o f th e  com posite which r e s u l te d  
in  a  s ig n i f ic a n t  d e te r io r a t io n  in  th e  m echanical p r o p e r t i e s .  The s t r e n g th  
o f  th e  com posites in c re a se d  w ith  in c re a se  in  g la s s  c o n ten t and le n g th . The 
maximum s tre n g th  o b ta in ed  w ith  7 volume p e r cen t f ib r e  a d d i t io n  was o f th e  
o rd e r  o f 30 -  38 MN/m2 f o r  f le x u r a l  s t r e n g th ,  15 — 22 MN/m2 f o r  t e n s i l e ,
35 — 45 MN/m2 f o r  com pressive and 20 -  45 Nmm/mm2 f o r  im pact s t r e n g th .
In c o rp o ra tio n  o f g la s s  f ib r e  m o d ifies  th e  t e n s i l e  f a i l u r e  mode o f  th e  
gypsum p la s t e r  from b r i t t l e  to  q u a s i - p la s t i c  by m u ltip le  c ra ck in g  o f th e  
m a tr ix . The b eh av iou r under com pression rem ains s im i la r  to  t h a t  o f  th e  
u n re in fo rce d  p l a s t e r .  F o r f ib r e  c o n ten ts  o f 2 -  3 p e r  c en t by volume th e  
com posite f r a c tu re d  in  a  b r i t t l e  manner w hereas a t  f i b r e  c o n te n ts  o f  3 — 7 
volume p e r  c e n t, th e  com posite f r a c tu re d  in  a  q u a s i - p la s t i c  manner w ith  
e x te n s iv e  f ib r e  p u l l - o u t .
There was v e ry  l i t t l e  improvement in  th e  s t i f f n e s s  o f  th e  com posite a t  th e  
sm all f ib r e  volume f r a c t io n s  u sed , due to  th e  low f ib r e  m a tr ix  m odular 
r a t i o .  The modulus o f e l a s t i c i t y  o f th e  GRG.produced in  t h i s  work was o f 
th e  o rd e r  o f 16 — 20 GN/m2 a s  compared to  th e  modulus o f  14 -  18 GN/m2 f o r  
th e  u n re in fo rc e d  m a trix .
The th e o r e t i c a l  e s tim a tio n  o f th e  s tr e n g th  and s t i f f n e s s  o f  th e  com posite 
based  on sim ple m ixture law , ta k in g  in to  account th e  le n g th , o r ie n ta t io n  
e f f ic ie n c y  f a c to r s  and p o ro s i ty  e f f e c t s ,  was in  rea so n a b le  agreem ent w ith  
th e  exp erim en ta l r e s u l t s .
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CHAPTER 1 -  INTRODUCTION
'In o rg a n ic  cem en titio u s  m a te r ia ls  l ik e  cements and gypsum p l a s t e r s  form 
th e  h u lk  of th e  h a s ic  b u ild in g  m a te r ia ls  in  use  a t  th e  moment. On 
t h e i r  own th e se  m a te r ia ls  a re  very  s tro n g  in  com pression and  v e ry  weak 
in  te n s io n . They e x h ib i t  b r i t t l e  b eh av iou r which r e s u l t s  i n  poor 
im pact s tre n g th  and f r a c tu r e  toughness. These b r i t t l e  c h a r a c t e r i s t i c s  
p re v e n t th e  e f f i c i e n t  u t i l i s a t i o n  o f t h e i r  h ig h  com pressive s t r e n g th  in  
s t r u c tu r a l  a p p l ic a t io n s .  Some m oderate improvement i n  th e  f r a c tu r e  
b eh av io u r can be o b ta in ed  by a d d i t io n  o f ag g reg a te  p a r t i c l e s  isuch a s  
sand  and a g g re g a te . However because of th e  low s t r e n g th  o f th e  m a tr ix  — 
a g g reg a te  in te r f a c e  t h i s  a d d i t io n  reduces th e  m echanical s t r e n g th  
p r o p e r t ie s  of th e  system*. T h is i s  m ainly  due . to  th e  low a sp e c t 
r a t i o  o f th e  ag g reg a te  phase added to  th e  system . One can add  a  secondary  
phase o f h igh  a sp e c t r a t i o ,  namely f i b r e ,  to  th e  p rim ary  m a tr ix  phase 
to  o b ta in  a  s tro n g  d iphase  com posite m a te r ia l .  P rev io u s  e f f o r t s  in  
r e in f o r c in g  th e se  b r i t t l e  m a tric e s  w ith  f i b r e s  have le d  to  th e  developm ent 
o f many u s e fu l  m a te r ia ls .
I n  cement and co n cre te  th e  weak m a tr ix  i s  re in fo rc e d  w ith  s t e e l  and th e  
techno logy  o f re in fo rc e d  concre te  b o th  o rd in a ry  and p r e s t r e s s e d  i s  h ig h ly  
developed and forms an im portan t b ranch  o f s t r u c tu r a l  e n g in e e r in g  to d a y . 
A nother example o f f ib ro u s  com posite b u ild in g  m a te r ia l  i s  a s b e s to s  
cement which has improved m echanical s tre n g th s  b u t i s  s t i l l  d e f ic ie n t  i n  
i t s  im pact p r o p e r t ie s .  This d e fic ie n c y  i s  m ainly due to  th e  r e l a t i v e l y  
s h o r t  le n g th s  o f f ib r e s  u sed . In  gypsum p l a s t e r  p ro d u c ts , o rg a n ic  f i b r e s  
have been  s u c c e s s fu lly  u sed  to  improve th e  f r a c tu r e  to u g h n ess  and h a n d lin g  
c h a r a c te r i s t i c s  o f th e  f in is h e d  p ro d u c t. The la rg e  f ib r o u s  p l a s t e r  
b o ard s  11 mm th ic k  o f s to re y  h e ig h t and up to  12 m lo n g , t h a t  a re  
e x te n s iv e ly  u sed  in  A u s tra l ia  as  an  in n e r  l e a f  in  fram ed c o n s tru c tio n , 
a re  an  example of p a r t i a l  s t r u c tu r a l  u se  of gypsum p l a s t e r  made p o s s ib le  
by th e  r e in fo r c in g  e f f e c t  o f s i s a l  f i b r e s .
The main req u irem en ts  o f a  s t r u c tu r a l  b u ild in g  m a te r ia l  i s  good m echanical 
s t r e n g th  in  com pression a s  w e ll a s  te n s io n , h ig h  e l a s t i c  s t i f f n e s s ,  h ig h  
f r a c tu r e  toughness to  s u s ta in  im pact lo a d s , and good f i r e  r e s i s t a n c e .
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The p r in c ip le s  o f f ib r e  reinforcem ent to  produce strong fib ro u s com posites 
■based on m etals and r e s in  m atrices (which are both d u c t ile  and dense) i s  
w e ll understood. Inorganic m atrices l ik e  p la s te r  and cement do not have 
the same p ro p erties  as the above-mentioned m atrices and in  con trast are 
h r i t t l e  and h igh ly  porous. Because very l i t t l e  research  has "been ca rr ied  
out on the reinforcem ent o f b r i t t le  m atrices by f ib r e s ,  the mechanism 
■ty which the superior mechanical p ro p erties  o f f ib re  can be e x p lo ited  
to  produce strong cement based com posites are not c le a r ly  understood.
These b r i t t l e  m atrics have v e iy  low s tr a in s  a t  fa ilu r e  compared to  th a t  
o f the various types o f fib re  a v a ila b le  as p o te n tia l rein forcem ent. The 
e f f ic ie n c y  o f f ib re  reinforcem ent in  improving the m echanical p ro p er tie s  
of such m t e r ia l  i s  dependent upon the volume and the way in  which the  
f ib r e s  are d isp ersed  in  them. In a d d itio n  because o f  the . in crease  in  
p o ro sity  of m a tr ix  r e s u lt in g  from a d d ition  o f  f ib r e s ,  th ere i s  a 
l im ita t io n  to  the amount of f ib r e s  th a t can be e f f i c i e n t ly  incorporated  
thus l im it in g  the maximum improvement one can get from th ese  system s. A ll  
th ese  fa c to r s  have to  be considered in  the s e le c t io n  o f  the r ig h t kind o f  
fib ro u s  reinforcem ent fo r  th ese  m atrices.
The various f ib r e s  both natural and man-made which are com m ercially  
a v a ila b le  a t present can be d iv ided  in to  organic and in organ ic  ty p e . The 
organic type f ib r e s  a v a ila b le  in  nature are s i s a l ,  hemp, ju te  e t c .  These 
f ib r e s  have v e iy  low u ltim ate t e n s i le  stren gth s and low modulus o f  
e l a s t i c i t y .  Therefore th e ir  incorporation  r e s u lt s  in  a su b s ta n tia l  
improvement in  impact res is ta n ce  of the m aterial but the improvement in  
the stren gth  and s t i f f n e s s  i s  n e g lig ib le .  In  a d d itio n  the f i r e  r e s is ta n c e  
o f th ese  f ib r e s  i s  v e iy  poor. Man-made organic f ib r e  l ik e  nylon , 
polypropelene e tc  a ls o  su ffe r  from the same d e fic ien cy  and hence organic  
f ib r e s  are only su ita b le  fo r  non -stru ctu ra l a p p lica tio n ; th ey  are expensive  
compared to  the natural f ib r e s .  This leaves only the in organ ic  f i e l d  
fo r  the s e le c t io n  o f the f ib r e  fo r  the reinforcem ent o f p la s te r  and 
cem entitious system s. The natural inorganic f ib r e  a v a ila b le  in  large  
q u a n tit ie s  are the a sb esto s  m ineral f ib r e s  c h r y so tile  and c r ic o d i l i t e .
These f ib r e s  have v e iy  high t e n s i le  stren gth  and modulus o f  e l a s t i c i t y  
and hence have been su c c e ss fu lly  used to  re in force  cem en titiou s p rod u cts. 
Their main d e fic ien cy  i s  th at they occur in  v e iy  short len g th s  and hence 
the products based on them such as a sb esto s  cement sh e e ts  are b r i t t l e .  
A sbestos f ib r e s  can be processed to  obtain  sp e c ia l grades w ith  long f ib r e s
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(though  s t i l l  sh o rt compared to  o th e r  s y n th e t ic  in o rg a n ic  f i b r e s ) ,  h u t 
th e  economics p r o h ib i t s  the  use o f th e se  s p e c ia l  f i b r e s  i n  th e  b u i ld in g  
p ro d u c ts . A lso th e re  i s  a  growing aw areness th a t  th e  u se  o f a sb e s to s  
f i b r e s  c o n s t i tu te s  a  s e r io u s  h e a lth  hazard  b o th  in  i t s  m anufacture and 
u s e .
S te e l  f i b r e s  though n o t com petitive  w ith  re s p e c t  to  c o s t  a s  compared w ith  
a sb e s to s  f i b r e s  a re  s t i l l  a t t r a c t i v e  f o r  t h e i r  h ig h  t e n s i l e  s tr e n g th  and 
e l a s t i c  modulus. They u s f f e r  th e  d isad v an tag e  o f c o r ro s io n  i n  th in  
cement p ro d u c ts  and th ey  cannot be used  a t  a l l  in  gypsum p l a s t e r  because 
o f  th e  ra p id  r e a c t io n  betw een th e  p l a s t e r  and th e  s t e e l .  The l a t e s t  
a r r i v a l  in  th e  f i e l d  o f f ib r e s  i s  th e  carbon f ib r e  w ith  h igh  t e n s i l e  
s t r e n g th  and h igh  modulus o f e l a s t i c i t y .  There i s  no d u r a b i l i ty  problem  
w ith  t h i s  f ib r e  in  e i t h e r  cement o r p l a s t e r  media though th e  c o s t o f th e se  
- f i b r e s  a t  p re se n t makes them q u ite  uneconomic f o r  b u i ld in g  p ro d u c ts .
T his leav es  only  g la s s  f ib r e s  which have h ig h  t e n s i l e  s t r e n g th  and m oderate 
modulus o f e l a s t i c i t y .  The co s t of g la s s  f i b r e s  i s  a l s o  h ig h  a t  p re s e n t 
compared w ith  th e  c o s t  o f a sb e s to s  f ib r e s  and i s  com parable w ith  th e  c o s t 
o f  man-made o rg an ic  f ib r e  such a s  ny lon  and p o ly p ro p y len e . The p r o p e r t ie s  
o f  some o f th e  f ib r e s  d iscu ssed  above a re  g iv en  in  Table 1 .1 .
TABIE 1,1 MECHANICAL PROPERTIES OP VARIOUS FIBRES
QJype o f 
f ib r e
T en sile
S tren g th
MN/m2
Modulus o f 
E l a s t i c i t y  
GN/m2
D en sity  
g. / cm3
U ltim a te  
e lo n g a t io n  
a t  f a i l u r e  
$
A sbestos 1500-2500 120-180 2 .0 —2 .4 0 . 6- 0 .8
G lass (V irg in ) 2000- 2500. 70-  80 2 . 4- 2 .6 2-3
G lass (ab raded) 1400-1800
0COs0E— 2 , 4- 2 .6 2- 2 .5
Rock wool 450-  750 70-120 2 .2 —2 .7 0 . 6- 0 .8
Nylon 600-  800 3 .5 -4 .0 0 . 8- 1 .0 15-20
Polypropylene 500-  700 3 .0 -4 .0 0 .9 - 1 .1 15-20
S te e l 1400-1800 210 7 .5 - 8 .5 15-20
Carbon
(a )  h ig h  s t r e n g th 2400-2800 200-250 1 . 9- 2 .0 1 -1 .5
(b ) High modulus 1800-2500 38O-45O 1 . 9- 2 .0 0 . 8- 1.5
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Commercially a v a ila b le  g la s s  f ib r e s  are o f ’E* type which i s  o f  a boro 
s i l i c a t e  com position. These f ib r e s  were developed fo r  th e g la s s  re in fo rced  
p la s t ic  a p p lica tio n  and in su la tio n  purposes. They.are normally  
10-13 microns in  diam eter and have t e n s i le  stren gth  o f  th e  order o f  
1400-2000 MN/m .^ The e la s t ic  modulus i s  *J6 GN'/m^ . These *Ef g la s s  
f ib r e s  when exposed to  an a lk a lin e  environment as presen t in  cements 
lo s e  th e ir  t e n s i le  stren gth  rap id ly  as a r e su lt  o f a lk a l i  a tta ck . This 
problem i s  not present w ith Gypsum which i s  n o n -a lk a lin e .
A fter  ca refu l con sid eration  and tak ing  in to  account the variou s fa c to r s  
described  above commercially a v a ila b le  fE* g la s s  f ib r e s  were s e le c te d  as  
reinforcem ent fo r  the nonalkaline Gypsum m atrix in  th e present programme.
Having s e le c te d  the type o f f ib r e , there are two main methods o f r e in fo r c ­
in g  Gypsum m atrix w ith t h is  f ib r e . The f i r s t  method i s  to  use the g la s s  
f ib r e s  as a reinforcem ent concentrated in to  the t e n s i le  zone o f the  
p la s te r  in  a s im ila r  way as s t e e l  i s  in  re in forced  con crete . However 
because o f the r e la t iv e ly  low r a tio  o f the e la s t ic  m odulii o f g la s s  to  
p la s te r , g la s s  reinforcem ent i s  in e f f ic ie n t  compared w ith  s t e e l .  A 
p o ss ib le  so lu tio n  to  t h is  problem i s  to  p r e s tr e ss  the g la s s  f ib r e  but 
attem pts to  do t h is  have only been p a r t ia l ly  su c c e s s fu l. (1 , 2, 3)
The second method i s  to  d isp erse  the g la s s  f ib r e  uniform ly in  th e m atrix  
so as to  form a homogenous composite m ater ia l. This ensures a high  
degree o f s tr e s s  r ed istr ib u tio n  by the f ib r e  and g iv e s  improved r e s is ta n c e  
to  m icrocracking and crack propagation in s id e  the m ateria l under se r v ic e  
co n d itio n s. Long or short f ib r e s  can be used and var iou s le v e l s  o f  
is o tr o p ie s  can be achieved in  the m aterial by s e le c t io n  o f d if fe r e n t  
fa b r ic a tio n  techniq ues.
There are severa l fa b r ica tio n  techniques fo r  the production o f g la s s  f ib r e  
rein forced  Gypsum m ateria l and th ese  are s im ila r  in  many ways to  the  
e x is t in g  technique fo r  the production of g la s s  re in fo rced  p la s t ic s  (GRP). As 
mentioned e a r lie r  each type o f fa b r ica tio n  technique produces com posites o f  a 
sp e c if ie d  iso tro p y  and mechanical p ro p er tie s .
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The main f a b r ic a t io n  methods a re  fo llo w in g .
1. C ontact moulding
2. Spray up tech n iq u e
3. Component prem ix ing  and subsequent m oulding
4 . F ilam ent w inding
5* Sandwich c o n s tru c tio n
CONTACT MOULDING:
T his  i s  th e  most w idely  used  method f o r  o b ta in in g  f l a t  o r  shaped 
p ro d u c ts  i n  GRP. T his method does n o t in v o lv e  any expensive  equipment 
and o rd in a ry  tim b er o r  m e ta l l ic  moulds can' be used  to  make f l a t  o r 
shaped o b je c ts .  The g la s s  f ib r e  m a te r ia l  commonly used  w ith  t h i s  
f a b r ic a t io n  tech n iq u e  a re  chopped s tra n d  m ats. These a re  soaked in  th e  
m a tr ix  and p la ce d  in  la y e r s  on th e  su rfa ce  o f th e  mould, each la y e r  
b e in g  th o ro u g h ly  im pregnated w ith  th e  m a tr ix . The re q u ire d  th ic k n e s s  
o f  th e  m a te r ia l  i s  ach ieved  by b u ild in g  up th e  a p p ro p r ia te  number o f 
la y e r s  o f g la s s  f i b r e  re in fo rc e d  m a tr ix . The r e s u l t in g  m a te r ia l  has 
p la n e r  is o tro p y  due to  2 d im ensional random o r ie n ta t io n  re in fo rcem en t 
in  th e  p lan e  o f th e  board . The q u a l i ty  o f th e  p ro d u c t and i t s  m echanical 
p ro p e r t ie s  depend upon how c a r e f u l ly  each la y e r  i s  im pregnated  and 
compacted d u rin g  th e  p ro c e ss , poor im pregnation  r e s u l t s  in  a  porous 
m a te r ia l  w ith  i n t e r i o r  m echanical p ro p e r t ie s  and d e lam in a tio n  o f  th e  )
m a te r ia l .  Excess o f m a trix  g iv e s  r i s e  to  non homogenous d is p e r s io n  o f 
re in fo rcem en t r e s u l t in g  in  a  sandwich c o n s tru c tio n  w ith  d i f f e r e n t i a l ,  
p ro p e r t ie s  a long  th e  th ic k n e ss  o f th e  m a te r ia l .
T his ty p e  o f f a b r ic a t io n  tech n iq u e  re q u ire s  s k i l l e d  and ex p erien ced  
workmen and as th e  re in fo r c in g  m a te r ia l  i s  in  th e  form o f a  d en se r mat 
o r  f a b r ic ,  th e  r e s u l t in g  p roduct c o n ta in s  h ig h  w eight f r a c t i o n  o f 
re in fo r c in g  m a te r ia l .
SPRAY UP TECHNIQUE:
Spray tech n iq u e  o f f a b r ic a t io n  i s  s im ila r  to  th e  one used  in  GRP, th e  
r e s in  spray  b e in g  re p la ce d  by p l a s t e r  s lu r r y .  The p ro ced u re  m ain ly  
c o n s is ts  o f fe e d in g  con tinuous ro v in g  th rough  a g la s s  chopper which 
chops th e  ro v in g  in to  re q u ire d  sh o rt le n g th s  o f s tra n d s  and th e s e  a re  
sp rayed  a long  w ith  th e  p l a s t e r  s lu r r y  onto a  mould t i l l  th e  d e s ir e d  th ic k ­
n e ss  i s  ach ieved .
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However in  th e  case  o f g la s s  f ib r e  re in fo rc e d  Gypsum (GRG) use  o f 
h ig h  w a te r /p la s te r  r a t io ,  i s  e s s e n t ia l  so th a t  th e  s lu r r y  can be worked 
and th e  g la s s  f ib r e  may be w ell im pregnated by p l a s t e r .  Some method had 
t o  be used  f o r  removing th e  excess W ater which i s  no t re q u ire d  once th e  
m a te r ia l  has been d e p o s ited  and v a r io u s  te ch n iq u es  such a s  s u c tio n , 
p re s s in g  o r  c e n tr i fu g in g  can be used  f o r  th e  pu rp o se . F a b r ic a t io n  
by t h i s  method a llow s th e  use o f ro v in g s  which a re  cheap compared to  
m ats and f a b r ic  re q u ire d  in  c o n tac t moulding and o f f e r  th e  ch o ice  o f 
u s in g  any re q u ire d  le n g th  o f f ib r e  o r a ch iev in g  any w eight f r a c t io n  o f 
g la s s .  I n  f a c t  t h i s  method o f f a b r ic a t io n  i s  most conven ien t f o r  making 
m a te r ia l  to  th e  re q u ire d  s p e c i f ic a t io n s .  The only  drawback i s  t h a t  th e  
o p e ra tio n  i s  perform ed by hand so th a t  th e re  i s  a  p o s s i b i l i t y  o f random 
v a r ia t io n  in  th e  hom ogeniety o f th e  mix which might r e s u l t  i n  la rg e  
v a r ia t io n s  in  th e  p ro p e r t ie s  o f th e  m a te r ia l .  T his can be overcome 
e i t h e r  by m echan isa tion  o f th e  sp ray  se t-u p  o r c a r e f u l ly  e s ta b l i s h in g  
a  sy s te m a tic  p a t te r n  o f sp ray in g  la y e r  by la y e r ,  to  g e t a  more 
homogenous end p ro d u c t.
The r e s u l t in g  m a te r ia l  i n  t h i s  method a ls o  has a  2 -d im en sio n a l random 
o r ie n ta t io n  o f re in fo rcem en t in  th e  p lan e  o f th e  sh ee t which g iv e s  i t  
i s o t r o p ic  p ro p e r t ie s  in  th e  p lan e  o f th e  sh e e t.
COMPONENT PREMIXING:
I n  th e  case  o f c a s t in g , in je c t io n  m oulding and e x tru s io n , i t  i s  
n e ce ssa ry  to  prem ix g la s s  f ib r e  and p l a s t e r  s lu r r y  b e fo re  m oulding them 
in to  a  p ro d u c t. The preraix ing  method i s  th e  normal f a b r i c a t io n  te ch n iq u e  
employed. The main procedure  i s  to  chop re q u ire d  q u a n t i ty  o f g la s s  o f 
g iv en  le n g th s  in to  a  m ixer c o n ta in in g  p l a s t e r  s lu r r y  and mix them 
to g e th e r  f o r  a  sh o rt tim e . S p e c ia l ca re  has to  be ta k e n  i n  s e le c t in g  
s u i ta b le  m ixers and th e  c o rre c t w a ter co n ten t to  en ab le  th e  g la s s  f i b r e  
to  mix up homogenously, t h i s  w i l l  be d iscu ssed  in  d e t a i l  l a t e r  on. T h is  
type  o f f a b r ic a t io n  method induces a  g r e a te r  degree o f  in -hom ogeneity  
in  th e  mix and a ls o  due to  a  3~dim ensional o r ie n ta t io n  o f re in fo rcem en t 
th e  s tre n g th  o f th e  com posites made by t h i s  tech n iq u e  a re  l e s s  th a n  th e  
s tr e n g th  o f com posites f a b r ic a te d  by th e  o th e r  two m ethods.
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VENDING METHOD:
T his c o n s is ts  o f w inding g la s s  re in fo rcem en t in  th e  form o f  ro v in g  
s tra n d s  o r  f ila m e n ts  on to  a  s u i ta b le  mould. The g la s s  re in fo rcem en t 
i s  p assed  th rough  a  b a th  o f p l a s t e r  s lu r r y  and a f t e r  i t  h as  been 
im pregnated w ith  th e  s lu r r y  i s  wound on th e  mould. T h is type  o f fa b ­
r i c a t i o n  r e s u l t s  in  a  u n ia x ia l  con tinuous re in fo rcem en t o f  th e  p roduct 
and hence t h i s  f a b r ic a t io n  tech n iq u e  g iv e s  th e  s tro n g e s t  p ro d u c t, a lb e i t  
an u n is o tro p ic  one. Yet an o th er advantage w ith  t h i s  method i s  th a t  th e  
g la s s  co n ten t and lo c a t io n  can be a c c u ra te ly  c o n tro l le d  to  g iv e  th e  
s tro n g  and d u rab le  p ro p e r t ie s  to  th e  com posite in  th e  d i r e c t io n  o f f i b r e  
a lig n m en t.
SANDWICH CONSTRUCTEON: _
A nother f a b r ic a t io n  tech n iq u e  which has been w idely  u sed  i n  GRP i s  
• th e  sandwich c o n s tru c tio n . Layers o f im pregnated g la s s  m ats o r  sp rayed  
m a te r ia l  can be e f f i c i e n t l y  combined w ith  c o n tin u o u s ly  wound la y e r s  o f 
th e  g la s s  ro v in g  to  g ive  d e s ire d  p ro p e r t ie s  in  any g iv en  d i r e c t io n .
T his tech n iq u e  i s  m ainly  used f o r  f a b r ic a t io n  o f s p e c ia l  components which 
have to  s a t i s f y  v a r ia b le  s tre n g th  req u irem en ts  in  d i f f e r e n t  d i r e c t io n s  
under a  complex s t a t e  o f s t r e s s .  The same tech n iq u e  can be u sed  f o r  
GRG s u c c e s s fu lly  to  s a t i s f y  p a r t i c u l a r  p ro d u c t s p e c i f ic a t io n  f o r  
economic c o n s id e ra tio n .
The re se a rc h  programme re p o rte d  h ere  was s t a r t e d  w ith  th e  aim o f 
develop ing  an i s o t r o p ic  sh ee t m a te r ia l  w ith  g la s s  f i b r e  r e in fo r c e d  
Gypsum. The main aims were to  determ ine th e  m echanical p r o p e r t i e s  o f  
t h i s  com posite m a te r ia l ,  w ith  re sp e c t to  th e  fo llo w in g  p a ra m e te rs :
1. F a b r ic a t io n  tech n iq u e  -  v a r ia b le  geom etry o f o r ie n ta t io n
2. Compaction te ch n iq u es  -  e f f e c t  o f w a te r co n ten t and p o r o s i ty
3 . E f f e c t  o f f ib r e  volume f r a c t io n
4* E f fe c t  o f f ib r e  le n g th  o f d isco n tin u o u s  f ib r e s
5. E f fe c t  o f environm ent and t e s t  c o n d itio n s .
CHAPTER 2 -  THE REVIEW OF PRINCIPLES OF FIBRE REINFORCEMENT 
IN BRITTLE MATRICES
Theory and P r in c ip le s  o f  F ib re  R einforcem ent .
Numerous rev iew s and ex ten s iv e  l i t e r a t u r e  on th e  m echanics o f  f i b r e  
re in fo rcem en t a re  a v a i l a b le ^ 1 The p r in c ip le s  o f  re in fo rcem en t
a re  now w e ll e s ta b l is h e d  f o r  com posites c o n ta in in g  u n ia x ia l ly  a lig n e d  
co n tin u o u s f i b r e s  embedded in  d u c t i le  m a tr ic e s  such a s  m e ta ls  and 
p l a s t i c s .  Very l i t t l e  d a ta , however i s  a v a ila b le  on b r i t t l e  m a tr ic e s  
l i k e  cement and p l a s t e r s .  A g re a t d ea l o f  work has been done i n  th e  
f i e l d  o f g la s s  re in fo rc e d  p l a s t i c s  w ith  b r i t t l e  r e s in  m a tr ic e s  b u t th e  
b a s ic  d if f e re n c e  betw een t h i s  b r i t t l e  system  and th e  cement o r  p l a s t e r  
system  i s  th a t  th e  u lt im a te  f r a c tu r e  s t r a i n  o f th e  cement o r p l a s t e r  
•is  much low er th a n  th e  f r a c tu r e  s t r a i n  o f any f ib r e s  u sed  to  r e in fo r c e  
them . The r e s in s  though b r i t t l e  s t i l l  have a  h ig h e r u l t im a te  f r a c tu r e  
s t r a i n  compared to  th e  u lt im a te  f a i l u r e  s t r a i n  o f th e  g la s s  f i b r e .  
T here fo re  even a t  th e  u lt im a te  s tr e n g th  o f th e  com posite th e  r e s in s  a re  
s t i l l  uncracked  and c a r ry  c e r ta in  lo ad s  as  w e ll a s  r e d i s t r i b u t e  th e  
s t r e s s e s  from th e  broken f ib f e s  to  th e  a d ja c e n t unbroken f i b r e s  by sh e a r  
and la rg e  defo rm ations made p o s s ib le  by t h i s  p ro p e r ty . I n  cement and 
p l a s t e r ,  th e  s i tu a t io n  i s  d i f f e r e n t .  The m a trix  i s  c rack ed  w e ll b e fo re
re a ch in g  th e  u lt im a te  s tre n g th  o f th e  com posite and th e  mechanism o f
f ib r e  re in fo rcem en t c o n s is ts  p a r t l y  o f s t r e s s  r e d i s t r i b u t io n  from th e  
c racked  m a trix  to  th e  a d jac e n t f ib r e s  and p a r t l y  o f i n h ib i t i o n  o f  th e
c ra c k  p ro p o g a tio n  due to  th e  p resence  o f f i b r e s .  A b r i e f  rev iew  o f
th e  g en e ra l p r in c ip le s  o f f ib r e  re in fo rcem en t f o r  e x i s t in g  system s w i l l  
be p re se n te d  h ere  and th e  n ecessa ry  m o d if ic a tio n s  a r i s in g  due to  th e  
a p p l ic a t io n  o f th e se  p r in c ip le s  to  th e  p re s e n t system  i n  q u e s tio n  w i l l  
be d isc u sse d  l a t e r  in  a  subsequent s e c t io n .
G eneral C o n sid e ra tio n s
The id e a  beh ind  f ib r e  re in fo rcem en t in  d u c t i le  m a tr ic e s  i s  n o t ’ to  
i n t e r f e r e  d i r e c t l y  w ith  th e  f r a c tu r e  in  th e  m a trix  b u t t o  use  th e  p l a s t i c  
flo w  o f th e  m a trix  under s t r e s s  to  t r a n s f e r  th e  lo a d  to  th e  f i b r e ;  
r e s u l t in g  in  a  h igh  s tr e n g th  com posite. The aim i s  to  p roduce a  two phase 
m a te r ia l  i n  which th e  s tro n g  p rim ary  phase in  th e  form o f p a r t i c l e s  o f
high aspect r a tio  ( i e  f ib r e s )  i s  w e ll d ispersed  and bonded by a weak 
secondary phase ( ie  m atrix). The p r in c ip a l c o n stitu en ts  which in flu en ce
th e stren gth  and s t i f f n e s s  of the Composites are the re in fo rc in g  f ib r e s ,  
the m atrix and the in te r fa c e . Each o f th ese  in d iv id u a l phases has to  
perform cer ta in  e s s e n t ia l  fu n ction a l requirements based on th e ir  
mechanical p ro p er tie s , so th at a system con ta in ing  them may perform  
s a t i s f a c t o r i ly  as a com posite. However i t  i s  p o s s ib le , and in  most 
ca ses  necessary , to  modify, vary or r e s t r ic t  th ese  requirem ents according  
to  th e design  and serv ice  requirements o f the com posites. In  case o f  
f ib r e s  and m atrix th ese  can be f u l f i l l e d  by the s e le c t io n  o f  r ig h t kind  
o f combination o f them. Whereas, fo r  the in ter fa c e ^ fa b r ica tio n  o f fe r s  
a p o ss ib le  source o f con tro l and m od ifica tion .
The b a s ic  requirem ents are as fo llo w s:
2 .2 .1  F ib res:
The d esira b le  fu n ctio n a l requirement o f the f ib r e s  in  a f ib r e  
rein forced  composite are:
(a ) The f ib r e  should have high modulus o f  e l a s t i c i t y  fo r  an e f f ic ie n t  
u t i l i s a t io n  o f reinforcem ent.
(D) The f ib r e  should be strong having high i n i t i a l  stren g th .
(c )  The v a r ia tio n  o f  strength  between in d iv id u a l f ib r e s  should be
m:
(a) They should be s ta b le  and r e ta in  th e ir  stren gth  during handling and 
fa b r ic a tio n .
(e )  The diameter and surface o f the f ib r e s  should be uniform .
2 .2 .2  M atrix:
The m atrix i s  required to  f u l f i l l  the fo llo w in g  fu n c tio n s:
(a ) To bind togeth er  the f ib r e s  and p rotect th e ir  su rfaces from damage 
during handling, fa b r ica tio n  and during the se r v ic e  l i f e  o f  the  
\  com posite. '
(b) To d isp erse  the f ib r e s  and separate them so as to  avoid  any cat astro' 
phic propagation o f crack and subsequent fa i lu r e  o f  the com posite.
(c )  To tr a n sfe r  s tr e s se s  to  the f ib r e s  e f f i c i e n t ly  by adhesion and/or 
f r ic t io n .
\
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(d ) Should he chem ica lly  com patib le  w ith  f i b r e s  over a  lo n g  p e r io d .
(e )  Should be th e rm a lly  com patib le  w ith  f i b r e s .
2 . 2,3 I n te r f a c e :
The in te r f a c e  between th e  f ib r e  and th e  m a trix  i s  an a n is o t ro p ic  
t r a n s i t i o n  re g io n  e x h ib i t in g  a  g ra d a tio n  o f p r o p e r t ie s .  T h is i s  an 
im p o rtan t reg io n  which i s  re q u ire d  to  p ro v id e  adequate  ch em ica lly  and 
p h y s ic a l ly  s ta b le  bonding between th e  f ib r e s  and th e  m a tr ix . I t s  
fu n c t io n a l  req u irem en ts  v a ry  co n s id e ra b ly  acco rd in g  to  th e  perform ance 
requ irem en t o f th e  com posite, d u rin g  i t s  v a r io u s  s ta g e s  under s e rv ic e  
c o n d itio n s . The s p e c i f ic  req u irem en ts  o f bond which r e l a t e  to  g la s s - f ib r e  
p l a s t e r  system  w il l  be d iscu ssed  l a t e r .
2 .3  M echanics o f F ib re  R einforcem ent o f B r i t t l e  F ib re s  in  D u c ti le  M atr ice s
Having d e fin e d  th e  fu n c tio n a l  requ irem ent and v a r io u s  f a c to r s  in f lu e n c in g  
i t ,  i t  i s  now n e ce ssa ry  to  c o n s id e r b r i e f l y  th e  mechanism and th e o ry  o f 
f i b r e  re in fo rcem en t u s in g  a  model com posite w ith  b r i t t l e  f i b r e s  in  
d u c t i l e  m a tr ix . The assum ptions made a re  t h a t  th e  f i b r e s  a re  u n ifo rm ly  
d is p e rs e d  th roughout th e  com posite, a re  w e ll bonded to  th e  m a tr ix  w ith  
co n tinuous uniform  bond and no s lip p a g e  o ccu rs  t i l l  f a i l u r e .
2 .3 «1 Composites c o n ta in in g  con tinuous f i b r e s :
A ll th e  b a s ic  th e o r ie s  have been developed f o r  co n tin u o u s f i b r e s  
u n ia x ia l ly  a lig n e d  in  th e  d i r e c t io n  o f  th e  t e n s i l e  fo rc e  and th e  
e f f e c t s  o f u s in g  sh o rt le n g th s , and changing f ib r e  o r i e n ta t io n  have been  
su b seq u en tly  d e a lt/s to  modify th e  b a s ic  eq u a tio n s  d e r iv e d  from f i r s t  c a se .
STRESS STRAEH BEHAVIOUR:
The defo rm ation  o f b r i t t l e  f ib r e  — d u c t i le  m a trix  com posites c o n ta in in g  ;
u n ia x ia l ly  a lig n e d  con tinuous f ib r e s  s t r e s s e d  p a r a l l e l  t o  th e  f i b r e
( l )a x is  has th re e  s ta g e s  v / • These a r e :
( i )  b o th  f ib r e s  and m a trix  deform e l a s t i c a l l y
( i i )  th e  f ib r e s  deform e l a s t i c a l l y  bu t th e  m a trix  deform s p l a s t i c a l l y  
a f t e r  th e  t r a n s i t i o n  p e r io d  which occurs  beyond th e  y i e ld  s t r a i n  
o f th e  m a tr ix .
( i i i )  f r a c tu r e  o f th e  f ib r e  occurs  fo llow ed  by th e  com posite f r a c t u r e .
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In  stage ( i )  the e la s t ic  modulus •Eg* o f the composite i s  g iven  by
E c . = E „ V . + Em V m  .............• • • » . ........... 2.1i f
where *Ef and , Vt a re  th e  e l a s t i c  modulus and volume f r a c t io n  and th e  
s u b s c r ip ts  c , f  and m denote com posite, f ib r e  and m a tr ix  r e s p e c t iv e ly .
I n  s tag e  ( i i )  th e  b eh av io u r i s  q u a s i - p la s t i c ,  t h i s  means th a t  i f  th e  
com posite i s  unloaded, th e re  i s  an e l a s t i c  reco v ery  o f  d e fo rm atio n  
im m ediately , fo llow ed  hy a  tim e dependent p l a s t i c  d e fo rm atio n  re co v ery . 
However th e re  i s  a  perm anent s e t  o r defo rm ation  depending upon th e  peak 
s t r a i n  reached  d u rin g  th e  lo ad in g . T his s tag e  occup ies th e  la r g e s t  
p ro p o r tio n  o f th e  s t r e s s - s t r a i n  curve o f th e  com posite and form s th e  
most im portan t p a r t  o f i t .  I n  t h i s  s tag e  th e  m a tr ix  s t r e s s - s t r a i n  
curve i s  no lo n g e r l i n e a r  so th a t  th e  modulus o f th e  com posite i s  g iv en  
a t  each s t r a i n  le v e l  by
Ec = E* V* + (~ 2 L )  _ ' vm ............. ................................... . 2 .2
f  f  vd ^m €
Where (4 — 4  i s  th e  s lope  o f th e  s t r e s s - s t r a i n  curve o f  th e  m a tr ix  . a  Cm'
a t  th e  s t r a i n  f e* o f  th e  com posite in  s tag e  ( i i ) .
At s tag e  ( i i i )  th e  modulus o f th e  com posite i s  g iven  by
Ec = Ef  Vf   .............................. .................... ............... 2 .3
STRENGTH OP THE COMPOSITES:
d )  T e n s ile  s t r e n g th :  The t e n s i l e  s tre n g th  o f  th e  com posite in  s ta g e  ( i )
i s  g iven  by
crc = ec  E.P V '+ e E V .......................................... .. 2 .4f  f  c m m
where € i s  the composite s tr a in  at any point in  t h i s  s ta g e . At theO v
tr a n s it io n  p o in t, i e  at the poin t o f d ev ia tio n  from l in e a r i t y  o f the
s tr e s s - s t r a in  curve the same re la t io n sh ip  i s  v a lid , f € * b ein g  rep lacedc
by the T e * y ie ld  s tra in  o f the m atrix.J my
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I n  th e  second s ta g e , i f  th e  f r a c tu r e  s t r a in  o f  th e  f i b r e  i s  l e s s  th an  
th a t  o f th e  m a trix  th e  t e n s i l e  s tre n g th  o f th e  com posite i s
cr-c = crf  y f  + <Tm* V m ......................... ............... ..... 2 .5
•where Cm* i s  th e  s t r e s s  hom e "by th e  m a trix  a t  any s ta g e  o f  th e  s t r a i n  
le v e l  "beyond th e  y ie ld  p o in t .  This r e la t io n s h ip  i s  a ls o  v a l id  f o r  
u l t im a te  t e n s i l e  s t r e n g th  where O' m* becomes Cm* th e  s t r e s s  in  th e  m a tr ix  
a t  th e  u lt im a te  f ih r e  f r a c tu r e  s t r a in .
I n  th e  case  o f  com posites c o n ta in in g  f ib r e s  which have h ig h e r  f r a c tu r e  
s t r a i n  th an  th e  u l t im a te  f a i l u r e  s t r a i n  o f  th e  m a tr ix  th e  u l t im a te  
s t r e n g th  o f  th e  com posite i s  c o n tro l le d  by th e  c o n tr ib u t io n  o f  th e  
f i b r e  a lo n e , a s  th e  m a trix  i s  a lre a d y  f r a c tu re d  and does n o t 
c o n tr ib u te  tow ards th e  s tre n g th  o f th e  com posite. The r e l a t i o n  th e n  
s im p l i f ie s  in to
> c u  = (rf u  W ...........  ..............    2 .6
where i s  th e  u lt im a te  s tre n g th  o f th e  com posite and c  th e
u lt im a te  f ib r e  s t r e n g th .
( 2 ) Compressive s t r e n g th :  The com pressive s tre n g th  o f  a  f ib r e
re in fo rc e d  com posite i s  a  d i f f i c u l t  q u a n ti ty  to  e s tim a te  and h ig h ly
complex to  a n a ly se . The knowledge o f f r a c tu r e  b eh av io u r i s  l im i te d
to  g la s s  f ib r e  r e s in  system s and most o f th e  e f f o r t  h a s  been tow ards
c o l le c t io n  and sem i-em p irica l r e p re s e n ta t io n  o f d a ta  f o r  use  in
d e s ig n , Dow, Rosen and Poye 10) have a n  a tte m p ted  to  an a ly se
th e  f r a c tu r e  modes o f u n ia x ia l ly  a lig n e d  con tinuous f i b r e  r e in fo rc e d
system s. Two p o s s ib le  modes o f f a i l u r e  governed by an i n s t a b i l i t y
mode analogous to  th e  b u ck lin g  o f a  column on an e l a s t i c  fo u n d a tio n
has been suggested . These models suggest t h a t  th e  m a tr ix  sh e a r  s t i f f n e s s
i s  th e  m a te r ia l  p ro p e r ty  w ith  th e  most s ig n i f ic a n t  e f f e c t  on th e
com posite com pressive s tre n g th . I t  ap pears  th a t  u se  o f m a tr ix  m a te r ia ls
o f m oderate to  h igh  sh ea r m odu lip /w ith  re sp e c t to  th e  f i b r e f s e l a s t i c  vv
modulus can y ie ld  com posites o f h ig h  com pressive s t r e n g th  p ro v id ed  th e
b in d e r  r e t a in s  th e se  v a lu e s  a t  ex trem ely  h ig h  s t r a in s  a s s o c ia te d  w ith
th e s e  s t r e n g th s .
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(3 )  Bending strength: The “bending stren gth  o f  the com posite i s
another complex s ta te  o f  s tr e s s  to  analyse. No d e ta ile d  a n a ly s is  o f  • 
t h is  mode o f  fa i lu r e  i s  a v a ila b le . A ll the e f fo r ts  in  t h is  area have 
been to  c o l le c t  data fo r  design  purposes and apply a sim pler approach o f  
a n a ly s is  based on the experimental s t r e s s - s t r a in  behaviour o f  th e m ateria l 
under u n ia x ia l compression and ten s io n .
2.3*2 Composites c o n ta in in g  d isco n tin u o u s  f ib r e s
STRESS-STRAIN BEHAVIOUR:  ^ In  a  com posite c o n ta in in g  lo n g  d isco n tin u o u s  
f ib r e s  u n ia x ia l ly  a lig n e d  and un ifo rm ly  d i s t r ib u te d  th e  s t r e s s - s t r a i n  
b eh av io u r i s  s im ila r  to  th a t  shown by continuous f ib r e s  re in fo rc e d  
com posites. A ll th e  th r e e  s tag e s  a re  p re sen t and th e  r e l a t i o n s  d isc u sse d  
p re v io u s ly  ho ld  good provided  th e  f ib r e s  a re  M& lo n g e r th a n  th e  c r i t i c a l  
le n g th  which w i l l  be d e fin e d  l a t e r  on.
STRESS DEVELOHffitTT IN THE FIBRE: When a com posite c o n ta in in g  u n ia x ia l ly
a lig n e d  d isco n tin u o u s  f ib r e s  i s  s t r e s s e d  in  te n s io n  p a r a l l e l  to  th e  f i b r e  
d i r e c t io n  th e  d i f f e r e n t i a l  a x ia l  d isp lacem en ts  occur due to  th e  d if f e r e n c e  
i n  th e  e l a s t i c  m odulii o f  th e  f ib r e  and th e  m a tr ix . These d i f f e r e n t i a l  
d isp lacem en ts  induce sh e a r  s t r a i n  a t th e  in te r f a c e  which i s  borne by 
th e  i n t e r f a c i a l  bond between th e  f i b r e  and th e  m a tr ix . The t e n s i l e
( 11)s t r e s s  in  th e  f ib r e  i s  n o t uniform  b u t i s  assumed to  b u i ld  up l i n e a r l y v ' 
from th e  ends o f  th e  f i b r e  as shown in  F ig  2 .1 . Thus th e  average s t r e s s  
in  th e  f ib r e  i s  le s s  th a n  th e  u l t im a te  s t r e n g th  o r maximum s t r e s s  in  th e  
f i b r e  which ever th e  case may be depending upon th e  f i b r e  le n g th . The 
average s t r e s s  i s  g iven  by
1
o
2 .7
where cr i s  th e  average s t r e s s  over th e  le n g th  *1* o f  th e  f i b r e  and O'.
i s  th e  s t r e s s  in  th e  f i b r e .
In te g r a t in g  t h i s  eq u atio n  y ie ld s  th e  average s t r e s s  in  th e  f i b r e  s t r a in e d  
to  i t s  u l t im a te  f a i l u r e  and i s  g iven  by
t  Interface shear 
str e ss
° f  Fibre tensile  
s tr e s s
Elastic
•V
E la s t ic -P la s t ic
f  max Critical aspect ratio
o \
X-
(A o :
max
F ig u re  2. 1
(a) Sch em atic  rep resen ta tio n  of in ter fa c ia l sh ea r  s t r e s s  (t ) and fib re  
te n s ile  s t r e s s  (° t )  when the m atrix  exh ib its e la stic -a n d  e la s t ic -p la s t ic  
deform ation; (b) A verage fib re  te n s ile  s t r e s s  along the fib re  
length . (Krock & Broutm an, (11))
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where *3 * i s  d e fin e d  as th e  f a c to r  which ta k e s  in to  account th e  l i n e a r  
b u i ld  up o f s t r e s s  in  th e  f i b r e  from i t s  end over th e  in e f f e c t iv e  le n g th  l c / 2 . 
I t  i s  a c tu a l ly  th e  r a t i o  o f th e  a re a  under th e  s t r e s s  d i s t r i b u t i o n  curve over 
th e  le n g th  l c / 2  to  th e  a re a  o f th e  re c ta n g le  re p re se n te d  by th e  p roduct 
o f  & £ lc /2 *  The in e f f e c t iv e  f ib r e  ends can e i th e r  be viewed as 
su p p o rtin g  a reduced average s t r e s s  3 . over th e  le n g th  l c / 2  o r 
e q u iv a le n tly , th e  f i b r e  ends lc /2  co rrespond  to  an e f f e c t iv e  le n g th  & lc /2  
su b je c t to  s t r e s s  *10/ 2 * th e  h a l f  c r i t i c a l  le n g th  which i s  re q u ire d
f o r  th e  developm ent o f  th e  u lt im a te  f i b r e  s t r e n g th  f o r  a  f i b r e  o f  c i r c u l a r  
c ro ss  s e c t io n  i s  g iven  by th e  r e l a t io n
lc /2  =       2 .9
where fd f i s  th e  f ib r e  d iam eter and f T ! i s  th e  i n te r f a c e  sh e a r  s t r e n g th  
o r sh e a r  s t r e n g th  o f th e  m a trix  w hichever governs th e  f a i l u r e .  As th e  
s t r e s s  b u ild s  up l i n e a r ly  from bo th  th e  ends o f  th e  d isc o n tin u o u s  f i b r e ,  
th e  le n g th  re q u ire d  f o r  th e  f ib r e  to  reach  th e  u l t im a te  s t r e n g th  becomes 
* lc* . The q u a n tity  3 i s  alm ost equal to  1 .0  f o r  e l a s t i c  f i b r e  and m a tr ix  
beh av io u r and 3 — $ i  f o r  e l a s t i c  f i b r e  behav iou r and p l a s t i c  m a tr ix  
b eh av io u r. F or th e  case  where 1> 1 , th e  average s t r e s s  in  th e  f i b r e  
s t r a in e d  alm ost to  i t s  b reak in g  s t r a i n  over i t s  c e n tr a l  p o s i t io n  in  a 
p l a s t i c  m a trix  i s  g iven  by
fffa v  = 0 - l f )    *..................   2 *10
(12)An in te r e s t in g  com parison has been made by S u tto n '1 7 betw een th e  
c r i t i c a l  a sp ec t r a t i o s  ( l c /d )  f o r  id e a l ly  e l a s t i c  and p l a s t i c  m a tr ic e s  
based on th e  fundam ental a n a ly s is  o f  s t r e s s  d i s t r i b u t i o n  in  a  d isc o n tin u o u s
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(13)f ib r e  derived by Dow' . The c r i t i c a l  aspect r a t io s  fo r  th e  p la s t ic
m atrix are independent o f volume fr a c t io n . The t e n s i l e  s tr e s s  p r o f ile
along th e  f ib r e s  was assumed lin e a r  by K elly  and Ity-son^^ and n o n -lin ea r
(13)
by Dow' . I t  i s  a lso  observed by Sutton th at when th e  f ib r e  length  
i s  c lo se  to  th e c r i t i c a l  len gth  Dowfs values (based on e la s t i c  m atrix) 
o f th e  correction  fa c to r  fo r  length  e f f ic ie n c y  are h igh er than th ose  o f  
K elly  and l^yson (based on p la s t ic  m atrix). However, as th e  l / l c  r a tio  
in crea ses  the values approach each other as would be expected , and th e  
volume fr a c tio n  o f  th e  f ib r e  has no s ig n if ic a n t  e f fe c t  on average f ib r e  
s tr e s s  fo r  a g iven  l / l c  va lu e .
T en sile  stren gth  o f th e com posites: The u ltim ate  t e n s i l e  stren gth  o f  a
composite contain ing u n ia x ia lly  a ligned  d iscontinuous f ib r e s  i s  g iven  by
a cu = > f  v [ 1- ( 1-P )ia  J + «rm (1-Vf ) ............... 2.11
This r e la t io n s h ip  i s  v a l id  f o r  Vf > V min. The concept o f  V min, 
minimum volume f r a c t io n ,  i s  based on th e  c o n d itio n  th a t  cr > 0* rat
where Crum i s  th e  u lt im a te  s tr e n g th  o f  m a trix  which le a d s  to
Oc => (T O - V ^ ' T  tr f * v f .........................................................• 2 *12u um
*
0* um ^  mfrom which V . = - •■t t " - ;""■7;*\—- 7"-—  - t v   .....................  2 .13mm 0> ( 1-1 c / 1 ) + ( 0- -  0- )1 '  ' x um m
Three d i s t i n c t  eq u atio n s  may be w r i t te n  f o r  v a rio u s  l c / l  r a t i o s  assum ing 
l i n e a r  s t r e s s  d i s t r i b u t io n .  For 1 < 1c, th e  s t r e n g th  o f  com posite i s  g iv en
*  °-cu = *  v f  -  *  um <1- V  .....................................   2 ‘ 14
where <r* -  *~mr'       2 .1 5f  d
f o r  - 1 * 1  or °~fuVf  + a ( 1 - V j  . . . ......................   2 .1 6c cu — um '  f '
and fo r  1 > l c
cu ~ wfu **f '* 2 1 7 T wum v 1 *f,.V„ (1 - i r )  + cr„„ ( 1 - 0  . . . . . . . . . .  2.17
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2 .4  E f fe c t o f  F ib re  O rie n ta tio n
The r e la t io n s h ip s  d e sc rib e d  e a r l i e r  were f o r  com posites c o n ta in in g
u n ia x ia l ly  a lig n e d  continuous and d isco n tin u o u s  f i b r e s .  The b eh av io u r
o f th e se  com posites under a  system  o f  s t r e s s  a c t in g  a t  an ang le  to  th e
f ib r e  d i r e c t io n  i s  d i f f e r e n t  and i s  m odified  depending upon th e
o r ie n ta t io n .  These in te r - r e l a t io n s h ip s  o f th e  re le v a n t  p ro p e r t ie s
o f f ib ro u s  re in fo rcem en t and d i r e c t io n  have been t r e a t e d  th e o r e t i c a l l y
(15)and compared to  a c tu a l  r e s u l t s  by K renchelv R einforcem ent ly in g
in  a  p lane  has been t r e a te d  as a group o f p a r a l l e l  f i b r e s  w ith  t h e i r  
p ro p o r tio n  o f m a trix  and th e  e f f ic ie n c y  o f re in fo rcem en t has been 
ev a lu a ted  as
77 -  2  cx cos^ 6 • • • • • • • • • • • • • • • . . .  2 .1 8f n
where 7] « e f f ic ie n c y  o f  o r ie n ta t io n
°n  “ vo^ume p ro p o r t io n 'o f  p a r t i c u la r  f i b r e  group
and j5 a ang le  between th e  d i r e c t io n  o f fo rc e  and th e  p a r t i c u l a r
f i b r e  group
Table 2.1 g iv es  th e  v a lu es  o f  e f f ic ie n c y  f a c to r  o f  re in fo rcem en t f o r  
d i f f e r e n t  f i b r e  o r ie n ta t io n s ,  f o r  th e  case  where th e  t r a n s v e r s e  
defo rm ations due to  P o is so n fs e f f e c t  a re  ig n o red .
In  o th e r  cases when th e  l a t e r a l  c o n tra c tio n s  cannot be ig n o red , th e  
P o is so n fs e f f e c t  has been tak en  in to  account in  d e r iv in g  th e  r e l a t i o n s .  
However some approxim ations have a lso  been made in  t h i s  th e o iy , f o r
example, th e  d if f e r e n c e s  in  th e  P o is so n ’s r a t i o  o f  m a tr ix  and f i b r e  i s
n e g le c te d . Table 2 .2  summarises th e  eq u a tio n s  f o r  d i f f e r e n t  f i b r e  
o r ie n ta t io n .
I t  i s  a lso  p o in ted  out by K renchel t h a t  th e  t e s t  r e s u l t s  on f i b r e  
cement m a te r ia ls ,  which i s  a  b r i t t l e  f i b r e - b r i t t l e  m a tr ix  system , 
agreed  s u f f i c i e n t ly  w e ll w ith  th e  s t r e n g th  c a lc u la te d  from f i r s t  
th e o ry  n e g le c tin g  th e  e f f e c t  o f t r a n s v e r s e  d e fo rm a tio n s .
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TABLE 2.1 E f f ic ie n c y  o f re in fo rcem en t 77, r e la te d  to  f i b r e  o r ie n ta t io n  
in  com posite and d i r e c t io n  o f a p p lie d  s t r e s s  -  P o is so n f s 
e f f e c t  igno red  (K re n c h e l^ )
F ib re  o r ie n ta t io n
1• A ll f i b r e s  p a r a l l e l
S t r e s s  d i r e c t io n  E f f ic ie n c y  o f  re in fo rcem en t
V
1. P a r a l l e l  to  f i b r e s  1
2 . P e rp e n d ic u la r  to  f i b r e s  0
2 . F ib re s  in  two d i r e c ­
t io n s ,  p ro p o r tio n s  
a^ and ag p erp en d ic ­
u l a r  to  one an o th er
1. P a r a l l e l  to  d i r e c t io n  
a,j f ih r e  f ih r e )
2 . Angle i °  f ih r e  
d i r e c t io n
L1 ( a2  ^
1/ a
3. Four equal la y e r s  o r  1. P a r a l l e l  to  any one
groups o f f ib r e s  a t  group o r  la y e r
^ 4  one ano^ e r  2 . Angle io  any one
f ih r e  group o r  la y e r
4* F ib re s  randomly d i s ­
t r i b u te d  in  a  p lane
Any ( in  p lan e)
3/ 8
3/ s
3/ 8
<1
5* F ib re s  un ifo rm ly  
d i s t r ib u te d  in  3 
d im ensions in  space
Any V .
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TABLE 2 .2  The r e la t io n s h ip  o f com posite p ro p e r t ie s  to  f i b r e A C
o r ie n ta t io n  in c lu d in g  th e  P o isso n ’ s e f f e c t  (K renchel )
F ib re  o r ie n ta t io n  and Composite t e n s i l e  Composite modulus o f
s t r e s s  d i r e c t io n  s t r e n g th ,  crc e l a s t i c i t y ,  Ec
1. R einforcem ent on ly  
P a r a l l e l  f ib r e s
1.1 Force p a r a l l e l  E w ^ _ ^ . ( ' e oc+Vw, £ , ) + E - ^ £ r ^
to  f ib r e s  I —
1.2  Force p e re p n - w ,  ^  o \
d ic u la r  to  J 4 — ™
f ib r e s
2 . F ib re s  randomly ^  - 0 ~
i n ) ® "  ^ I ~  r>¥V\
o r ie n ta te d .  *"w''
Any fo rc e  in  p lane  *f~ ^  Yf C"g~ -  g
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2.5  E ffec t o f  S t a t i s t ic a l  V ariation  o f  Mean Fibre Strength
The u ltim ate  stren gth  an a ly sis  o f  th e composites based on th e  consider­
a tio n s  d iscu ssed  in  the previous sec tio n  has been based on mean f ib r e  
stren gth  and has to  be supplemented by a ra tio n a l s e t  o f  fa i lu r e  
c r i t e r ia  fo r  com posites in  the form o f laminated com posites; 
conta in ing  continuous or discontinuous f ib r e s .  The stren gth s o f  
d u c t ile  f ib r e s  gen era lly  used fo r  reinforcem ent are com paratively  
rep roducib le. This i s  not u su a lly  true o f b r i t t l e  f ib r e s  l ik e  g la s s  
f ib r e s  which show considerab le spread in  stren gth s about th e  mean 
value and th is  must be taken in to  account when p red ic tin g  the  
composite p ro p erties . The v a r ia tio n s  in  th e stren gth  o f  th e  f ib r e s  
e sp e c ia lly  g la ss  f ib r e s  can a r ise  from v a r ia tio n s  in  th e  f ib r e  
diam eter with len gth  a lso  from th e d ifferen ces  in  th e  nature and 
in te n s ity  o f the chemical a ction  o f th e s iz in g /f ib r e  in te r fa c e  
during the manufacture. In add ition  to  th ese  fa c to rs  th e  flaw s and 
other d e fe c ts  present in  th e f ib r e  weaken th e stren gth  o f  th e  f ib r e s .  
These e f fe c t s  va iy  w ith the length  and diam eter o f th e  f ib r e s  t e s t e d .
The len g th /stren g th  e f f e c t  in  b r i t t l e  f ib r e s  has been explained by th e  
p ro b a b ility  o f increased  flaw  d e n s it ie s  w ith in crea sin g  le n g th s . When 
a bundle o f th ese  types o f f ib r e  i s  te s te d  some f ib r e s  w i l l  break 
b efore others thus in crea sin g  the load on th e  remaining f ib r e s  and th e  
stren gth  o f th e bundle i s  le s s  than the mean fib r e  stren gth  o f th e  
f ib r e s  in  th e bundle. F ig  2 .2  shows the v a r ia tio n  o f  mean f ib r e  
stren gth  and bundle strength  with gauge len gth  o f th e  f ib r e .  The
stren gth  o f a bundle o f  f ib r e s  has been re la ted  to  th e  mean stren gth
and the c o e f f ic ie n t  o f  v a r ia tio n  o f  the in d iv id u a l f ib r e  stren gth s about
(17)
th e  mean by Coleman' '  and i s  shown in  F ig  2 .3 .
I t  i s  seen  from the graph th at th e strength  o f the bundle becomes equal 
to  the stren gth  o f th e  component f ib r e  when th e c o e f f ic ie n t  o f  
v a r ia tio n  o f the stren gth  o f component f ib r e s  approaches zero . This 
e f f ic ie n c y  ty p ic a l ly  drops to  70 per cent fo r  a c o e f f ic ie n t  o f  
v a r ia tio n  between 10 to  20 per cen t. This has been confirmed by various  
workers, as w ell as by the t e s t  data c o lle c te d  in  t h is  research programme. 
Coleman^ an a ly sis  i s  ap p licab le  to  the case o f com posites con ta in in g  
bundles o f continuous f ib r e s . But fo r  th e case o f  th e  t e n s i l e  load or  
s tr e s s  varying along the f ib r e s  a r is in g  from th e presence o f  d iscon tin u ou s
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Mean fibre strength
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Fibre bundle strength
Length
F ig u r e  2. 2
E ffe c t of d e fe c ts  on th e  s t r e n g th  of f ib r e  ( P a r r a t ,  16)
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F ig u r e  2. 3
T he  s tre n g th  e ff ic ie n cy  £  , fo r  an  in f in ite  b u n d le  of f ib r e s  v s  th e  
c o -e f f ic ie n t  of v a r ia t io n  in  s tr e n g th  o f th e  co m p o n en t f ib r e  
(C o lem an , (17))
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(o 10)
s h o r t  f ib r e s  t h i s  a n a ly s is  i s  no t f u l l y  a p p lic a b le . Rosenv 1 J has 
ev a lu a te d  th e  s tr e n g th  o f  such com posites as a  fu n c tio n  o f  th e  s t a t i s t i c a l  
s t r e n g th  c h a r a c te r i s t i c s  o f th e  f ib r e  p o p u la tio n , ta k in g  in to  account 
th e  pe t% rbation  o f s t r e s s e s  n e a r  th e  v ic in i ty  o f a  b roken  f i b r e  end 
i n  term s o f  an in e f f e c t iv e  f ib r e  le n g th . The s t a t i s t i c a l  model o f 
Rosen co n sid e rs  th e  com posite to  be composed o f  la y e r s  hav ing  a 
th ic k n e s s  equal to  th e  in e f f e c t iv e  le n g th , i e  a  p o r t io n  o f  le n g th  o f 
f i b r e  n e a r  a  b reak , end o r c rack  over which th e  a x ia l  s t r e s s  b u ild s  up ~ 
from zero  to  th e  u n d is tu rb e d  v a lu e . Any f ib r e  th a t  f r a c tu r e s  w ith in  
t h i s  ld ^ e r  i s  co n sid ered  unab le  to  t r a n s f e r  lo ad  a c ro ss  th e  la y e r ,  and 
th e  a p p lie d  lo ad  a t t h i s  s e c t io n  i s  un ifo rm ly  d i s t r ib u te d  among th e  
unbroken f i b r e s .
A segment o f  a  f ib r e  w ith in  one o f th e se  la y e r s  i s  t r e a t e d  as a  l in k  in  
th e  ch a in  which c o n s t i tu te s  an in d iv id u a l f i b r e .  Each la y e r  o f  th e  
com posite i s  t r e a te d  as bundle o f such l in k s  and th e  com posite i t s e l f  
a  c o l le c t io n  o f b u n d les . Thus w ith  t h i s  model and u t i l i s i n g  W eib u ll’s 
fu n c tio n  f o r  f ib r e  s t r e n g th  d i s t r ib u t io n ,  a long  w ith  th e  approx im ation  o f  
i n e f f e c t iv e  le n g th  e s tim ated  by shectr la g  a n a ly s is ,  Rosen e v a lu a te d  th e  
com posite s t r e n g th  as a  fu n c tio n  o f th e  c o e f f ic ie n t  o f  v a r i a t io n  o f  th e  
f i b r e  as shown in  P ig  2 . 4 . I t  i s  seen  from th e  f ig u r e  t h a t  f o r  m odera te ly  
l a r g e r  d is p e r s io n s  o f f i b r e  s tre n g th  th e  com posite can ach iev e  a  h ig h  
f r a c t io n  o f s tr e n g th  o f  even sh o r t f i la m e n ts . I t  may be concluded th a t  
up  to  15 p e r  cen t c o e f f ic ie n t  o f v a r ia t io n  in  th e  f i b r e  s t r e n g th  th e  
no rm alised  s tr e n g th  i s  u n ity  and t h i s  allow s th e  exp erim en ta l com posites 
perform ance to  be in te r p r e te d  as hav ing  r e s u l te d  from mean f ib r e  s t r e n g th .
The v a r ia t io n  o f th e  com posite s t r e n g th  w ith  f ib r e  volume f r a c t io n  as 
ev a lu a ted  from t h i s  s t a t i s t i c a l  model and from th e  r u le  o f  m ix tu re  has 
been p lo t te d  by Rosen i s  reproduced in  P ig  2.5* I t  i s  a ls o  q u i te  c le a r  
from t h i s  r e la t io n s h ip  th a t  th e re  i s  very  l i t t l e  d e v ia t io n  betw een t h i s  
th e o ry  and r u le  o f m ix tu re  up to  a  volume f r a c t io n  o f  30 to  40 p e r  c e n t .
Prom Rosenfs a n a ly s is  i t  can be concluded th a t  th e  m ix tu re  law  based  on 
th e  mean s tr e n g th  o f bundles o f f ib r e s  p re d ic ts  a  t e n s i l e  s t r e n g th  o f . th e  
com posites which i s  in  reaso n ab le  agreement w ith  th e  s t a t i s t i c a l  model 
th e o ry  proposed by him. This agreement holds up to  a  volume f r a c t io n  o f
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V a r ia t io n  of c o m p o s ite  te n s i le  s tre n g th  w ith  f ib r e  v o lu m e  f r a c t io n  fo r  
’s ta t i s t i c a l  f a i lu re  m o d e l' and fo r  'r u l e  of m ix tu re ' m o d e l (R o sen , (9))
30  p e r  cen t and perm its th e  u se  o f th e  sim ple m ix tu re  law  on which th e  
r e la t io n s  and eq u atio n s  have been d e riv e d  in  th e  p reced in g  sub s e c t io n s .
2 .6  Mechanics o f  B r i t t l e  F ib re  in  B r i t t l e  M atrix
The r e la t io n s h ip s  and equatio n s  d iscu ssed  p re v io u s ly  app ly  to  a  b r i t t l e
f i b r e  -  d u c t i l e  m a trix  system . The d u c t i le  m a trix  undergoes p l a s t i c  flow
and th e  sh e a r  s t r e s s e s  in  th e  m a trix  a re  l im ite d  by th e  p l a s t i c  flow .
However in  th e  case  o f  b r i t t l e  m a tric e s  which do no t deform  p l a s t i c a l l y ,
e i t h e r  th e  f ib r e - m a tr ix  in te r f a c e  o r th e  m a trix  w i l l  f a i l  i n  sh e a r  o r
te n s io n  when th e  maximum sh e a r  s t r e s s  exceeds th e  t e n s i l e  o r  sh e a r
(13 19 20 21 )s t r e n g th  o f  th e  m a tr ix . V arious re s e a rc h  w orkers '” 1 71 1 '  have
e stim a ted  th e  maximum i n t e r f a c i a l  sh ea r s t r e s s  in  th e  m a tr ix  e x p e rim en ta lly
as w e ll as a n a ly t ic a l ly .  D if fe re n t w orkers u s in g  d i f f e r e n t  b a s ic
assum ptions have produced w idely  d i f f e r e n t  e s tim a te s  o f t h i s  p a ram ete r.
(22 )Ity-son and D a v ie s ' 7 have measured th e  sh e a r  s t r e n g th  o f  th e  f ib r e /m a tr ix
in te r f a c e  and have compared them w ith  th e  th e o r e t i c a l  p re d ic t io n s  o f 
(13) (23 )Dow' . and Cox' • The experim ental v a lu es  observed n e a r  th e  f i b r e
end a re  much h ig h e r  th a n  th o se  e s tim ated  from th e  a n a ly t ic a l  e x p re s s io n s .
T his i s  b e lie v e d  to  be due to  th e  s t r e s s  c o n c e n tra tio n s  a t  th e  f i b r e  ends.
The dependence o f t h i s  s t r e s s  c o n c e n tra tio n  e f f e c t  on th e  f i b r e  t i p
geometry and th e  ra d iu s  o f cu rv a tu re  o f  i t s  co rn e rs  i s  confirm ed by
A llis o n  and H o l l o w a y I t  i s  q u i te  c le a r  th a t  f o r  many com posites
where th e  m a trix  does n o t deform p l a s t i c a l l y  th e  m a tr ix  s h e a r  s t r e s s  w i l l
exceed th e  e l a s t i c  l im i t  o f  th e  m a te r ia l .  The q u e s tio n  th e n  a r i s e s
o f w hether th e s e  h igh  sh e a r  s t r e s s e s  w i l l  produce debonding and in t e r f a c e
f a i l u r e  o r  a  m a trix  f a i l u r e .  This w i l l  be dependent upon th e  s t r e n g th  o f
(25)th e s e  p a ram ete rs . O utw ater' 7 has co n sid ered  th e  case  o f  g la s s  f i b r e  
re in fo rc e d  r e s in s  and argued th a t  c rack in g  o f  th e  f ib r e - m a tr ix  in t e r f a c e  
ta k e s  p lace  due to  h igh  sh e a rin g  s t r e s s e s  p re sen t i n  th e  m a tr ix  and a t  
th e  same tim e th e  f i b r e  r e s in  bond a t th e  end o f th e  f i b r e  i s  b roken  and 
t h e r e a f t e r  th e  lo ad  i s  t r a n s f e r r e d  from th e  r e s in  to  th e  f i b r e  by / 
f r i c t i o n a l  fo rc e s  as th e  r e s in  s l id e s  over th e  f i b r e .  Thus an id e n t i c a l  
b u ild -u p  o f s t r e s s  occurs f o r  a  b r i t t l e  m a trix  as f o r  th e  d u c t i l e  case  
d isc u sse d  e a r l i e r .  The im p lic a tio n s  o f t h i s  argument a re  t h a t  th e  p rev io u s  
r e la t io n s  as d e riv e d  above a re  s t i l l  v a l id  f o r  b r i t t l e  f i b r e - b r i t t l e  m a tr ix  
com posites, i f  th e  q u a n ti ty  i s  re p la ce d  by th e  f r i c t i o n a l  bond
s t r e n g th .
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2.7 F a c to rs  In f lu e n c in g  th e  P r a c t ic a l  Composites
The p reced in g  a n a ly s is  and f r a c tu r e  m echanics has been based  on th e  
b eh av io u r o f model com posites. I t  i s  a p p ro p ria te  to  examine th e  v a rio u s  
f a c to r s  t h a t  in f lu e n c e  t h i s  b eh av iou r in  th e  p r a c t ic a l  com posites 
f a b r ic a te d  f o r  experim en tal p u rp o ses. P r a c t ic a l  com posites may d i f f e r  
from th e  model in  th e  fo llo w in g  ways:
(a )  The s t r e n g th  o f  th e  f ib r e s  could  become low er d u r in g  th e  f a b r ic a t io n
process  as a  r e s u l t  o f  h a n d lin g  a b ra s io n  o r f i b r e  -  f i b r e  c o n ta c t .
o o  The chem ical in te r a c t io n  o f f ib r e s  and m a trix  may produce r e a c t io n
products which in f lu e n c e  th e  in te r f a c e  s ig n i f i c a n t ly .
(c )  As a r e s u l t  o f  c o n d itio n s  o f f a b r ic a t io n  th e  in te r f a c e  p ro p e r t ie s  
may vary  s ig n i f ic a n t ly  and in tro d u ce  a reas  o f  w eaknesses in  th e  
com posites f o r  i n i t i a t i o n  o f f r a c tu r e .
(d ) The f ib r e - m a tr ix  in te r a c t io n  may in f lu e n c e  th e  m a tr ix  l o c a l ly  which 
a l t e r s  behav iou r as compared w ith  b u lk  m a tr ix .
(e )  The method o f f a b r ic a t io n  and im pregnation  o f th e  m a tr ix  around 
f ib r e s  might le a d  to  f law s , weak a re as  and v o id s  in  th e  m a tr ix .
(*•) The above-m entioned f a c to r s  a f f e c t  th e  perform ance and s t r e n g th  o f
th e  p r a c t ic a l  com posites very  s ig n i f i c a n t ly ,  p ro p e r m o d if ic a tio n s  
w herever n ece ssa ry  have to  be a p p lie d  when com paring th e  
th e o r e t i c a l ly  p re d ic te d  com posite s tre n g th s  w ith  th e  ex p erim en ta l 
v a lu e s . A lte rn a tiv e ly , i f  f e a s ib le  th e  a p p ro p r ia te  p a ram eters  
shou ld  be determ ined  under c o n d itio n s  s im i la r  to  th o s e  as met in  
p ra c t ic e  and th e s e  should  be u t i l i s e d  in  th e  e s tim a tio n  o f  th e  
p ro p e r t ie s  o f th e  com posites. This p o in t w i l l  be f u r th e r  e la b o ra te d  
in  a  l a t e r  s e c t io n  in  which th e  experim en tal r e s u l t s  a re  d is c u s s e d .
2 .8  Review o f  R esearch Work in  th e  F ib re  R einforcem ent o f  Cement and P l a s t e r  
System s:
V arious r e v i e w s a r e  a v a ila b le  on th e  f i b r e  re in fo rcem en t o f  
b r i t t l e  system s. The work m ainly r e f e r s  to  m etal and ceram ic f i b r e s  i n  
ceram ic system s and r e s u l t s  from th e  c o n s id e ra b le  e f f o r t  made to  dev elo p  
s tro n g  com posite m a te r ia ls  w ith  th e se  f o r  s p e c ia l is e d  a p p l ic a t io n  in  
aerospace  and h ig h  tem p era tu re  tech n o lo g y . These system s d i f f e r  from
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th e  p la s t e r  and cement in  t h e i r  f a b r ic a t io n  tech n iq u e  and in  th e  n a tu re  
o f  t h e i r  m ic ro s tru c tu re  which e f f e c t s  th e  in te r f a c e  and hence th e  
m echanical p ro p e r t ie s  o f  th e  r e s u l t in g  com posite. An e x c e lle n t  
rev iew  on th e  p ro sp ec ts  o f f ib r e  re in fo rcem en t o f cement system s i s  
g iv en  by Monfore^2^ .
As d isc u sse d  e a r l i e r  th e  mechanisms o f  f i b r e  re in fo rcem en t o f  b r i t t l e  
m a tric e s  such as cements and p la s t e r  a re  v e ry  complex to  an a ly se  and hence 
very  l i t t l e  a ttem pt has been made in  th e  p a s t  to  e s t a b l i s h  th e  beh av io u r 
and r e la t io n s h ip s  govern ing  them. Most o f  th e  l i t e r a t u r e  a v a i la b le  in  
t h i s  f i e l d  has been on th e  g en e ra l p ro p e r t ie s  and f a b r i c a t io n  te ch n iq u e  
o f such com posites. I t  i s  somewhat s u rp r is in g  to  f in d  t h a t  v e iy  l i t t l e  
fundam ental work has been undertaken  on th e  p ro p e r t ie s  o f  a sb e s to s  cement 
in  s p i t e  o f  th e  f a c t  t h a t  i t  has been e x te n s iv e ly  used  ov er th e  l a s t  two 
d ecad es. The two f a c to r s  m ainly re sp o n s ib le  f o r  t h i s  la c k  o f  in fo rm a tio n . 
a re  p robab ly :
(a )  A sbestos cement has only  been used f o r  n o n - s t r u c tu r a l  
a p p l ic a t io n s .
(b ) The com m ercially a v a ila b le  a sb es to s  f i b r e  i s  a  n a tu r a l  m a te r ia l  and 
consequen tly  very  hetrogeneous in  i t s  p h y s ica l p r o p e r t ie s .
(15)A re c e n t a tte m p tv '  to  e s ta b l is h  th e  g e n e ra l p r in c ip le s  and r e l a t io n s  
govern ing  th e  perform ance o f th e  a sb es to s  f i b r e  in  cement system s has 
been  d e sc r ib e d  f o r  a  s p e c ia l  grade o f a sb e s to s  f i b r e  o f  c o n tro l le d  and 
r e l a t i v e l y  long  le n g th s . The d i f f i c u l t i e s  o f  ex ten d in g  t h i s  a n a ly s is  to  
a  normal com m ercially a v a ila b le  a sb es to s  i s  a lso  h ig h l ig h te d .  The same 
p u b lic a t io n  d e sc r ib e s  th e  p ro p e r tie s  o f com posites c o n ta in in g  rock  wool 
f ib r e s  made by te ch n iq u es  s im ila r  to  a sb e s to s  cement and concludes t h a t  
t h i s  ty p e  o f f ib r e  does not e f f e c t iv e ly  r e in fo r c e  th e  cement m a tr ix  u n t i l  
and u n le ss  s u i ta b le  changes in  th e  m anufactu ring  p ro cess  o f  th e  p ro d u c ts  
from t h i s  system  a re  made.
C onsiderab le  work has been c a r r ie d  out on th e  re in fo rcem en t o f  cement
(29- 3 2 )and co n c re te  w ith  o rg an ic  f ib r e s  such as ny lon  and po lyp ropy lene  
G o l d f e i n ^ ^  showed th a t  embedment o f  sm all volume f r a c t io n s  o f  ny lo  
f ib r e s  in  cement m ortars  in c re ase d  th e  im pact s t r e n g th  c o n s id e ra b ly ;
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10-25 tim es more energy was absorbed th an  w ith  th e  u n re in fo rc e d
m a tr ix . The perform ance o f v a rio u s  o rg an ic  f ib r e s  f o r  r e in f o r c in g
(31 32)cement p a s te  and c o n c re te  have been in v e s t ig a te d  by W illiam sonv 1 .
He found th a t  th e s e  ty p es  o f  f ib r e s  in  f a c t  reduced .the t e n s i l e  and 
f le x u r a l  s t r e n g th  o f  th e  cement p a s te  bu t in c re a se d  th e  im pact s t r e n g th  
c o n s id e ra b ly .
S ev e ra l p a p e r s d e s c r i b i n g  th e  s tu d ie s  o f c o n c re te  and m o rta rs
re in fo rc e d  w ith  s h o r t s t e e l  f ib r e s  have been p u b lish ed  in  th e  l a s t  few
(37)y e a r s .  T h e o re tic a l work has been re p o r te d  by R om ualdi' y and i t
employs th e  concept o f  c rack  a r r e s t in g  mechanisms in  b r i t t l e  sy stem s.
T h e o re tic a l  and experim en tal curves have been p re sen te d  f o r  v a r io u s
volume f r a c t io n  o f s t e e l  w ires based on th e  p r in c ip le s  o f  f i b r e  sp ac in g ./ , o \
However re c e n t work by Shah and Rangan^ i s  a t  v a r ia n c e  w ith  
Rom ualdi, s work in  su g g es tin g  th a t  th e  w ire  sp ac in g  has v e ry  l i t t l e  
e f f e c t  on th e  s t r e n g th .  The ex p lan a tio n  o f  th e s e  c o n f l i c t in g  r e s u l t s  
l i e s  in  th e  v a r ia t io n s  in  th e  tech n iq u es  o f m anufacture and em phasises 
th e  im portance o f  f a b r ic a t io n .  C onsiderab le  a c t i v i t y  i s  g o ing  on a t  
th e  moment in  t h i s  f i e l d  and v a rio u s  re s e a rc h  programmes a re  c u r r e n t ly  
under-way in  th e  u n iv e r s i t i e s  and o th e r  o rg a n is a t io n s . Ho fo rm al r e p o r ts  
have been p u b lish ed  y e t  b u t th e  g e n e ra l co n c lu sio n s ex p ressed  so f a r  
a t  v a r io u s  Conferences and m eetings have been th a t  though th e  s t e e l  
w ire  only  p rov ides m oderate improvement in  th e  t e n s i l e  s t r e n g th ,  i t  
im p arts  s u b s ta n t ia l  improvements in  th e  f r a c tu r e  toughness o f  th e  m a te r ia l .
C onsiderab le  i n t e r e s t  in  th e  p ro p e r t ie s  o f  g la s s  f i b r e  r e in fo r c e d
cement has been shown by re se a rc h e rs  in  th e  S o v ie t Union and China and
(39)s ig n i f ic a n t  p ro g ress  has been re p o r te d  by B iiyukovich^ . He has 
o b ta in ed  s ix  fo ld  in c re a se s  in  th e  t e n s i l e  s t r e n g th  by th e  in c o rp o ra t io n  
o f  20 p e r  cen t g la s s  f ib r e s  in  n e a t cement p a s te  u n ia x ia l ly  a lig n e d  to  
th e  t e n s i l e  a x is .  The c r i t i c a l  m a trix  f r a c tu r e  s t r a i n  i s  claim ed  to  
be 60 to  100 tim es g r e a te r  th a n  th e  u n re in fo rc e d  cem ent. A dvantages 
claim ed f o r  t h i s  m a te r ia l  in c lu d e  h ig h  s p e c i f ic  s tre n g th , s ig n i f i c a n t  
s t i f f n e s s  a t low volume f r a c t io n  and r e s is ta n c e  to  m ic ro -c ra c k in g .
V arious f a b r ic a t io n  te ch n iq u es , methods o f jo in in g  and probable a re a s  
o f  a p p lic a t io n  a re  a lso  d e sc r ib e d . The p r in c ip le  d isad v a n ta g e  o f 
th e s e  com posites was th a t  th e  com m ercially a v a i la b le  o rd in a ry  *E? g la s s
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used  was u n s ta b le  in  th e  a lk a l in e  environm ent o f cement and c o n c re te
and th e  com posite l o s t  s t r e n g th  ra p id ly  over a  p e rio d  o f tim e . The
R ussian  work c laim s s ta b le  p ro p e r tie s  o f th e  com posite up to  a  r e l a t i v e l y
s h o r t  p e rio d  o f  two y e a rs  w ith  a low a lk a l in e  h igh  alum ina cem ent.
C ontrary  to  t h i s ,  work o f Grimer and A l i ^ ^  e s ta b l is h e s  th a t^ E *
g la s s  f ib r e s  a re  no t s ta b le  in  a l l  common ty p es  o f  cements even f o r
( A1 42 )t h i s  s h o r t p e r io d . Work a t  th e  B u ild in g  R esearch S t a t i o n * . - h a s  
confirm ed th a t  th e  le v e l  o f  improvement ach ieved  by th e  in c o rp o ra tio n  
o f  g la s s  f ib r e s  in  cement i s  s im ila r  to  th a t  re p o r te d  in  th e  R ussian  
work. A g la s s  f ib r e  cement com posite hav ing  s ta b le  p ro p e r t ie s  has been 
made u s in g  s p e c ia l  a l k a l i - r e s i s t a n t  g la s s  f ib r e s
Most o f th e  work d isc u sse d  above r e l a t e s  to  th e  cement and c o n c re te  
system : no l i t e r a t u r e  o r p u b lish ed  work i s  a v a i la b le  on th e  p l a s t e r  
system . The l im ite d  in fo rm a tio n  a v a ila b le  on gypsum p l a s t e r  r e p o r ts
£-r"
th e  u se  o f  s i s a l ,  a sb e s to s  and wood ch ipp ings sh o r t  le n g th s  o f  g la s s  
f ib r e s  to  improve th e  m oulding and h an d lin g  c h a r a c te r i s t i c s  and to  
p rov ide  f i r e  r e s is ta n c e  to  th e  non lo ad  b e a r in g  components made from 
gypsum. Gypsum p la s t e r  so f a r  has been used only  as a  s u r fa c e  c o a tin g  
i n  th e  form o f  p la s t e r  o r as a  non lo ad  b e a r in g  w all and c e i l in g  p an e ls  
and th e re fo re  no a ttem pt has been made to  improve th e  p ro p e r t ie s  o f 
t h i s  system  to  enab le  i t  to  be used  s t r u c t u r a l l y .  The p re lim in a ry  
f in d in g s  o f th e  f i r s t  a ttem pt to  produce a s tro n g  com posite m a te r ia l  
from g la s s  f ib r e  and gypsum system s have been re p o r te d  by A li and Grim er 
th e s e  have been con tinued  by an ex ten s iv e  re se a rc h  programme re p o r te d  
in  t h i s  t h e s i s .
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CHAPTER 3 -  THE PROPERTIES 01*' INDIVIDUAL PilASIiS -  
..MATRIX, FIBRE AND THE INTERFACE .
3*1 Gypsum P la s t e r  — th e  M atrix  Phase 
3*1*1 G eneral p ro p e r t ie s
Calcium su lp h a te  p la s t e r s  a re  m anufactured from gypsum (CaSO^. 2 ^ 0 )  
o b ta in ed  from n a tu ra l  d e p o s i ts .  P la s t e r  o f P a r is  i s  p re p a red  by h e a tin g  
f i n e ly  ground gypsum to  a  tem p era tu re  o f 150 -  190°C in  open pans o r  
k e t t l e s .  The d if f e r e n c e s  in  c o n d itio n s  o f c a lc in a t io n  g iv e  r i s e  to  v a r ia ­
t io n s  in  th e  p ro p e r t ie s  o f p l a s t e r .  The p l a s t e r  o f P a r is  produced by de­
h y d ra tin g  gypsum under steam p re s su re  in  an a u to c lav e  i s  c a l le d  a u to c lav ed  
p l a s t e r .  T h is a u to c la v in g  im p arts  c e r ta in  c r y s ta l  m o d if ic a tio n  p r o p e r t ie s  
( in  th e  p resence  o f c e r ta in  s a l t s )  and th e  r e s u l t in g  p l a s t e r  g iv e s  work­
ab le  mixes w ith  low p ro p o r tio n  o f w a ter as  compared w ith  o rd in a ry  p l a s t e r  
o f  P a r is  p rep ared  in  pan o r  k e t t l e  p ro c e ss .
As m ight be expec ted , th e  s tre n g th  o f s e t  p l a s t e r  d e c re a se s  as  th e  amount
o f  w a te r used in  th e  mix in c re a s e s .  The s tre n g th  o f s e t  p l a s t e r  o f P a r is  
i s  low compared to  au to c lav ed  p l a s t e r  o f th e  same w o rk a b i l i ty .
The p ro p e r t ie s  o f th e  p l a s t e r ,  b o th  in  f r e s h  and hardened  c o n d itio n , depend 
m ain ly  on th e  amount o f  w a ter added and th e  type  o f p l a s t e r  u sed . A ll 
calcium  su lp h a te  p l a s t e r s  r e v e r t  to  gypsum when th e y  come in  c o n ta c t w ith  
w a te r , th e  p ro cess  b e in g  a c tu a l ly  th e  re v e rse  o f t h a t  o f  p ro d u c tio n  o f 
th e se  p l a s t e r s  in v o lv in g  th e  d eh y d ra tio n  o r  c a lc in a t io n  o f  gypsum. I n  th e  
case o f  p l a s t e r  o f P a r is  t h i s  re v e rs io n  ta k e s  p lace  r a p id ly  in  th e  p re sen c e
o f  a  reaso n ab le  q u a n t i ty  o f w a te r . When w a te r  i s  added to  th e  p l a s t e r  in
q u a n t i t i e s  s u f f i c i e n t  to  produce a  w orkable mix, th e  p l a s t e r  s e t s  q u ic k ly  
and th e  h y d ra tio n  a lso  co n tin u es  s im u ltan eo u sly . T h is  s e t t i n g  phenomenon 
i s  a s s o c ia te d  w ith  changes in  th e  rh e o lo g ic a l p ro p e r t ie s  o f th e  mix w here­
as  h y d ra tio n  i s  th e  chem ical conversion  o f th e  p l a s t e r  to  gypsum. The 
p ro c e ss  o f h y d ra tio n  o f th e  p l a s t e r  i s  exo therm ic . I t  h a s  been  observed  
by Andrews as a  fu n c tio n  o f r a te  o f r i s e  o f tem p e ra tu re  and th e
g e n e ra l form i s  p re sen te d  in  F ig  3.1* The shape o f t h i s  curve i s  n o t 
a f f e c te d  by w a te r co n ten t b u tb y th s  in d u c tio n  p e r io d , ie  th e  p e r io d  b e fo re  
th e  main h y d ra tio n  s t a r t s .  T his in d u c tio n  p e rio d  can a ls o  be ex tended  to  
any re q u ire d  tim e by th e  a d d itio n  o f c e r ta in  m a te r ia ls  known a s  r e t a r d e r s .  
There a re  many ty p es  o f r e ta r d e r s  a v a i la b le ,  b u t th e  most common used  in
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R a te  of h y d ra tio n  of p la s t e r  of P a r i s  (A) and  
C o m m e rc ia lly  r e ta r d e d  p la s t e r  of P a r i s  (B) 
(W ater p la s t e r  r a t io  0. 5) (A ndrew s (45))
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F ig u r e  3. 2
T he  r a te  of h y d ra tio n  and  ex p an s io n  of p l a s t e r  of 
P a r i s .  W a te r  p la s t e r  r a t io  0. 4
A : t im e  and te m p e ra tu re ;  B : t im e  and  m o v e m e n t. 
(A ndrew s (45))
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p r a c t ic e  i s  an o rg an ic  c o llo id  p rep ared  from K e ra tin . Sm all p ro p o r tio n s  
o f  t h i s  m a te r ia l  can ex tend  th e  in d u c tio n  p e rio d  from a  few m inutes to  
s e v e ra l  h o u rs . The a d d it io n  o f such a  r e ta r d e r  a lso  a f f e c t s  th e  r a te  o f 
h y d ra tio n  in  some c a se s . P la s t e r  o f P a r is  expands when con v erted  to  
gypsum d u rin g  th e  h y d ra tio n . T his expansion , o f te n  term ed as  s e t t in g  
expansion , i s  th e  r e s u l t  o f th e  o r ie n ta t io n  o f c r y s ta l s  to  g ive  a  s e t  
p roduct which i s  p o rous. The expansion  o f p l a s t e r  i s  dependent upon th e  
amount o f  m ixing w a te r , th e  m ixing tim e and degree o f m ixing p r io r  to  
c a s t in g  and th e  type  o f r e ta r d e r  u sed . As soon a s  th e  w a te r  i s  added to  
th e  p l a s t e r  and th e  mix made in to  a  f l u i d  s lu r r y ,  a  sm all amount o f  con­
t r a c t i o n  occurs  a s  a  r e s u l t  o f th e  change o f  hem ihydrate. to  gypsum.
When s u f f i c i e n t  r i g i d i t y  has been developed in  th e  mix, th e  c r y s ta l  form a­
t io n s ,  which no lo n g e r  can be accommodated in  t h i s  s t r u c tu r e ,  e x e r t  an 
expansive f o r c e .  T h is  fo rc e  r e s u l t s  in  an expansion  w hich co n tin u es  
u n t i l  th e  com pletion o f  h y d ra tio n . The h y d ra tio n  and expansion  cu rves f o r  
p l a s t e r  o f P a r is  a re  g iven  in  P ig  3 .2 . H ydration  expansion  and s e t t i n g  o f 
p l a s t e r  a re  v a rio u s  chem ical and p h y s ic a l s ta g e s  d u rin g  th e  co n v ersion  o f ' 
hem ihydrate to  gypsum and th e se  a re  a l l  i n t e r - r e l a t e d .  The degree o f 
h y d ra tio n  a t  th e  f i n a l  s e t  o f p l a s t e r ,  as  m easured w ith  th e  V ic a t a p p a ra tu s , 
i s  dependent upon th e  i n i t i a l  w a te r c o n te n t. Table 3.1 g iv e s  th e  compo­
s i t i o n  o f  th e  s e t  p l a s t e r  a t  f i n a l  s e t  w ith  d i f f e r e n t  p e rc e n ta g e s  o f 
m ixing w a te r . Prom th e  ta b le  i t  i s  ev id en t th a t  a  h ig h e r  w a te r  co n ten t 
r e s u l t s  in  h ig h  p ro p o r tio n  o f  h y d ra ted  p l a s t e r  a t  f i n a l  s e t  and hence low 
s e t t i n g  expansion . At low w a te r p l a s t e r  r a t i o s ,  th e  h y d ra tio n  co n tin u es  
w e ll a f t e r  th e  f i n a l  s e t  and r e s u l t s  in  r e l a t i v e l y  h ig h e r  expansions a s  
compared w ith  th a t  o b ta in ed  from h igh  w a te r c o n te n ts .
The chem ical eq u a tio n  which governs th e  conversion  o f  hem ihydrate  to  
gypsum i s :
CaSO^ -|H20 + ~H20 = CaS04 .2H20 .
Prom t h i s  th e  minimum w ate r re q u ire d  f o r  h y d ra tio n  can be c a lc u la te d  as  
fo llo w s :
145*15 g hem ihydrate + 27.03 g w a te r -  172.18  g gypsum.
T herefo re  th e  minimum amount o f w a te r re q u ire d  f o r  h y d ra tio n  i s :
* 100 = 18.8$ .
The amount o f w a ter no rm ally  n e ce ssa ry  to  produce a  w orkable mix i s  much 
h ig h e r  th an  th a t  re q u ire d  f o r  h y d ra tio n . Thus th e  ex cess  w a te r  rem ain ing
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TABLE 3.1 Com position a t  f i n a l  V ic a t s e t  o f  p l a s t e r  o f  P a r i s  mixes 
c o n ta in in g  d i f f e r e n t  p ro p o r tio n  o f m ixing w a te r  
(A ndrew s^)
M ixing w a te r
* ' ■
50
75
100
150
Com position a t  f i n a l  s e t  
df0 gypsum formed
14
30
60
83
TABLE 3*2 P h y s ic a l and chem ical p ro p e r t ie s  o f  gypsum p l a s t e r
P l a s t e r  o f P a r is  C ry s tac o l EET
Chemical com position  SO3 
co n ten t $  38.6 39*0
CaO co n ten t *fo 52*5 52*7
Loss on ig n i t io n  a t  290°C $  6 .3  6.1
T ran sv e rse  s tre n g th
(BS 1191 -  1967) MW/m2 7 .16  12.1
a f t e r  h y d ra tio n  i s  in  f r e e  form* T his w a te r evaporated^ d u rin g  d ry in g  and 
g iv e s  r i s e  to  v o id s  in  th e  s e t  p l a s t e r .  The r e la t io n s h ip  "between w a ter 
co n ten t and p o ro s i ty ,  based  on th e  a c tu a l  d e n s i t i e s  o f  hem ihydrate and 
dihydra/te  (2 .7 6  and 2.31 g /c c  re s p e c tiv e ly )  i s  d e riv e d  by S c h il le r^  
a s :
1 4 5 .1 5 1 =  1 4 5 .1 3 0  P + ^ 1 : #
where ¥  = w a te r p l a s t e r  r a t i o
P s* p o ro s i ty  (volume o f v o id s /b u lk  volume) •
w hich, when s im p lif ie d , y ie ld s
W . 0. 15 
W + 0.36
Thu^ in c re a s in g  th e  amount o f m ixing w a te r r e s u l t s  in  an in c re a s e  in  th e  
p o ro s i ty  o f s e t  p l a s t e r .
The w a te r requ irem ent f o r  com plete h y d ra tio n  o f th e  two ty p e s  o f p l a s t e r ,  
namely au to c lav ed  p l a s t e r  and p l a s t e r  o f P a r i s ,  i s  th e  same and hence th e y  
g ive  s im i la r  s tre n g th s  a t  a  c o n sta n t w a te r :p la s te r  r a t i o .  The w a te r 
requ irem en t f o r  w o rk a b il i ty  o f th e  au to c lav ed  p l a s t e r  i s  l e s s  th a n  th a t  
o f  p l a s t e r  o f P a r i s ,  due to  th e  d if f e r e n c e s  in  t h e i r  c r y s ta l  h a b i t s  a c q u ire d  
d u rin g  t h e i r  m anufacture. I t  i s  f o r  t h i s  reaso n  th a t  th e  au to c lav ed  
p l a s t e r  and p l a s t e r  o f P a r is  hav ing  s im ila r  c o n s is te n c ie s  in  f r e s h  s t a t e  
e x h ib i t  d i f f e r e n t  s tre n g th s  when s e t ,  th e  form er g iv in g  h ig h e r  s t r e n g th  
th a n  th e  l a t t e r .
V arious re se a rc h  w o rk e rs ^ ^ ”’^ '^  have e s ta b l is h e d  r e la t io n s h ip s  betw een 
p o ro s i ty ,  s tre n g th  and e l a s t i c  p ro p e r t ie s  o f s e t  p l a s t e r s  and th e se  a re  
g e n e ra lly  in  th e  form o f e x p o n en tia l fu n c tio n s  co n n ec tin g  th e  s t r e n g th  
a t  zero  p o ro s i ty  and s tre n g th  a t  any given  p o ro s i ty .
These r e la t io n s h ip s  w i l l  be f u r th e r  d iscu ssed  in  l a t e r  s e c t io n s .  The 
s t r e n g th  o f s e t  p l a s t e r  i s  a lso  in flu en c ed  s ig n i f i c a n t ly  by th e  amount o f  
m o is tu re  p re se n t in  th e  s e t  p l a s t e r .  T his re d u c tio n  o f  s t r e n g th  from  th e  
d ry  s t a t e  to  th e  wet s t a t e  i s  a lso  common to  o th e r  cem en titiO us system s 
l ik e  P o r tla n d  cement, b u t i t  i s  more marked in  p l a s t e r s .  P ig  3 .3  shows 
th e  e f f e c t  o f w a ter a b so rp tio n  on th e  s tre n g th  o f s e t  p l a s t e r  o f P a r i s .
The re d u c tio n  o f s tre n g th  i s  marked w ith  even a  sm all p e rc en ta g e  o f  w a te r  
and rem ains s ta b le  f o r  h ig h e r p e rcen tag es  a t  th e  same le v e l  a s  a  s a tu r a te d
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F ig u r e  3. 3
T h e  e ffe c t of w a te r  on th e  s tr e n g th  of s e t  p l a s t e r  o f P a r i s  (w a te r  
p l a s t e r  r a t io ,  0 .6 )  (A n d rew s (45))
in
\  Water-plaster ratio
1 0 - 025 -1
E 2 0 - 8 - 0 -
6-0 -
2  4 . 0 -
2 0 -
IO O3 0  4 0  5 0  7 02 0IOO
Porosity
F ig u r e  3. 4 ..
W a te r  p l a s t e r  r a t io  v s  m e c h a n ic a l s t r e n g th  of P l a s t e r  of P a r i s
(a) M odu lus of ru p tu r e  (b) T e n s ile  s t r e n g th
(c) M odulus of e la s t ic i ty
4 0
TABLE 3 .3  M echanical s tre n g th s  o f p l a s t e r  o f P a r is  c o n ta in in g  
d i f f e r e n t  p ro p o r tio n s  o f w a te r
W a te r :p la s te r  
r a t i o  hy wt P o ro s ity
1°
F le x u ra l
s tre n g th
M /m 2
T e n s ile
s tre n g th
MN/m
Modulus o f  
e l a s t i c i t y  
Gfl/m2
Compressive
s tr e n g th
m /m 2
0 .3 0 22 .8 11.0 5 .5 17.8 36 .0
0.35 27 .6 9 .6 4 .8 15.2 28 .0
0 .4 0 34 .0 7.1 - - -
0 .60 4 6 .4 5 .0 -  ■ - -
0 .8 0 59 .0 3 .7 - - -  •
1 .00 64 .O 2 .2 — -  : —
TABLE 3*4 P ro p e r t ie s  o f *E* g la s s  f ila m e n ts
T e n s ile  s tre n g th
Young*s modulus
Density-
C o e f f ic ie n t o f 
th e rm al expansion
P o is so n ’s r a t i o
MIT/m2
GiE/m2
g/cm3
mm,i/mm/°C
V irg in
f ila m e n ts
31 GO -  3500
76.00
2 .54
5 .00
0.22
F ilam e n ts  
from  th e  
s t r a n d
1800  -  2100
76.00
2 .5 4
5.00 
0 .22
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wet sam ple. T his low ering  o f s tre n g th  o f s e t  p l a s t e r  by sm all amounts 
o f  w a te r  i s  v e ry  s ig n i f ic a n t  as reg a rd s  t e s t i n g  o f p l a s t e r  com posites . 
The specim ens have to  be co n d itio n ed  in  a  c o n tro lle d  environm ent f o r  a  
v a l id  com parison, Form ally  t h i s  environm ent i s  p ro v id ed  by s to ra g e  in  a  
c o n tro lle d  tem pera tu re  and hum id ity  room u n t i l  t e s t .
The c o e f f ic ie n t  o f therm al expansion  o f s e t  p l a s t e r  betw een 0°C and 40°C • 
i s  o f  th e  o rd e r  o f 20 x  10*”^ p e r  °C. The expansion  on h e a tin g  to  h ig h e r  
tem p e ra tu res  th a n  40° C i s  complex, due to  th e  d eh y d ra tio n  p ro c e ss  o f th e  
p l a s t e r .  Gypsum p l a s t e r ,  when exposed to  h ig h  te m p e ra tu re , d e h y d ra te s  
q u ic k ly  w ith  lo s s  o f s t r e n g th .  F in a l ly ,  th e  p l a s t e r  c o n v e rts  in to  p l a s t e r  
o f P a r is  in  th e  form o f a  powder w ith  no s tre n g th , (45)Andrews' g iv e s  th e
d a ta  on th e  r a t e  o f d ry in g  o f p l a s t e r  o f P a r is  a t  d i f f e r e n t  te m p e ra tu re s  
and concludes th a t  40°C i s  th e  upper l im i t  o f th e  tem p e ra tu re  a t  which
p when exposed f o r  lo n g  p e r io d s . Any 
s - th e  d eh y d ra tio n  p ro c e s s . T h ere fo re  
fid normal use o f th e  s e t  gypsum p ro d u c ts  
U N I V E R S I T Y  OF S U R R E Y  L I B R A R Y   ^ above 40°C.
This book is  on loan for 3 hours only.
It can be renewed on personal application 
if not reserved by another reader.
i i n  th e  p re se n t programmei
le  p l a s t e r s ,  namely f in e  c a s t in g  p l a s t e r  
EF (au to c lav ed  p l a s t e r )  a re  made by B r i t i s h  
has s e le c te d  f o r  t h i s  programme. The 
i>f th e se  p l a s t e r s  a re  g iven  in  Table 3*2,
Fines: 5p for each 15 minutes
or part thereof that the 
book is overdue.
Issued at
s tre n g th  r e la t io n s  were e s ta b l is h e d  f o r
|
bge o f w a te r jp la s te r  r a t i o s .  T h is 
l a s t e r  to  be e x tra ,p o la ted  f o r  any w a te r :
e m anufacture o f co m posites . . The modulus
i
was a lso  determ ined  by n o n -d e s tru c t iv e
sonant frequency  m ethod. The r e s u l t s
I
g iven  in  Table 3*3 and re p re se n te d  inI
id in  a  l a t e r  s e c t io n  o f t h i s  T h e s is .
UX V 1UOMAWU.
continuous g la s s  f i b r e
a c tu re d  by th e  ra p id  draw ing o f m olten
drops o f g la s s  p ro tru d in g  from th e  h o le s  in  th e  base  o f  a  p la tin u m  c ru c ib le
o r  bush ing . G lass f ib r e s  made in  t h i s  manner cool r a p id ly  from 12Q0°C to
-5room tem peratu re  in  about 10 seconds. Bushings n o rm a lly  c o n ta in  204 h o le s
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o r  some m u ltip le s  o f t h i s  number. The in d iv id u a l f i la m e n ts  a re  c o l le c te d  
and combined in to  a  bundle o f f ib r e s  c a l le d  a  s tra n d , which i s  th e  b a s ic  
elem ent f o r  th e  p ro d u c tio n  o f d i f f e r e n t  form s o f re in fo rc e m e n t. These 
in d iv id u a l  g la s s  f i b r e s  a re  e a s i ly  damaged and, to  av o id  t h i s ,  th e  f i l a ­
m ents a re  coated  w ith  a  p ro te c tiv e  s iz e  b e fo re  th e y  a re  g a th e red  in to  
s t r a n d s .  The d iam e te r o f th e  in d iv id u a l f ila m e n t depends upon th e  draw ing 
speed and th e  v is c o s i ty  o f th e  g la s s  a t  th e  t i p  o f th e  b u sh in g . I t  v a r ie s  
betw een 5 — 20 m icrons in  th e  commercial f i b r e .  G lass  f i b r e  i s  made in to  
a  number o f forms which can be u t i l i s e d  as  re in fo rce m e n t. The form chosen 
f o r  th e  s p e c i f ic  a p p l ic a t io n  depends upon th e  p r o p e r t ie s  re q u ire d  in  th e  
p ro d u c t, th e  f a b r ic a t io n  method adopted f o r  com posite m an u fac tu rin g  and 
th e  p r ic e  o f th e  v a r io u s  ty p es  o f re in fo rce m e n t. The most im p o rtan t o f  
th e  forms o f g la s s  f i b r e  a re  a s  fo llo w s:
ROVING: T his i s  th e  l e a s t  expensive form o f con tinuous g la s s  f i b r e ,  p ro ­
duced com m ercially . The s tra n d  c o n s is ts  o f  204 in d iv id u a l  f i la m e n ts  o r  a  
m u ltip le  o f t h i s  number l i g h t l y  bound by a  s i z e .  A group o f p a r a l l e l  
s tra n d s  c o l le c te d  b u t n o t tw is te d  to g e th e r  and wound on a  package, i s  
c a l le d  roving* The number o f s tra n d s  in  a  ro v in g  can v a ry  from 12 to  120 
b u t th e  most common ty p e  o f ro v in g  c o n s is ts  o f 60 s t r a n d s .  The ro v in g  i s  
no rm ally  d e s ig n a te d  by th e  number o f s tra n d s  from which i t  i s  made, eg  a  
60 end ro v in g  w i l l  co n ta in  60 s t r a n d s .  The number o f  ends in  a  ro v in g  
c o n tro l th e  ro v in g  y ie ld ,  th e  number o f m/g. Rovings o r  s tra n d s  a re  
commonly used f o r  th e  con tinuous f ilam e n t w inding p ro c e s s . They a re  a ls o  
used  as  a  fe e d  f o r  th e  chopper in  a  sp ray in g -u p  te c h n iq u e .
CHOPPED FIBRE: S tran d s  o r  ro v in g s  can be chopped in to  s h o r te r  le n g th s
u s u a l ly  ran g in g  from 6 -  50 nan w ith  th e  a id  o f  m echanical g la s s  choppers.
The r e s u l t in g  p roduct i s  a c o l le c t io n  o f s h o r t le n g th s  o f  s tra n d s  o r  s h o r t  
le n g th s  o f  in d iv id u a l f i la m e n ts ,  depending on th e  a b i l i t y  o f th e  s tr a n d  to  
h o ld  i t s e l f  to g e th e r  i n t e g r a l ly  d u rin g  th e  chopping p ro c e s s . T h is  i n t e g r i t y  
o f  th e  s tra n d  i s  a  fu n c tio n  o f th e  type  and amount o f  c o a tin g  on th e  
s tra n d . An in te g r a l  s tra n d  i s  ha rd  to  touch  w hereas a  f i l a m e n t is in g  s tr a n d  
i s  g e n e ra l ly  s o f t .  Chopped g la s s  f ib r e  can be used  b o th  f o r  d i r e c t  s p ra y -  
up tech n iq u e  and th e  prem ixing  tech n iq u e  m entioned in  an e a r l i e r  s e c t io n .
NOR-WOVEN MATS: Mats o f g la s s  f i b r e s  a re  a v a i la b le  in  v a r io u s  fo rm s.
The chopped s tra n d  mat c o n s is ts  o f sh o r t le n g th s  o f  f i b r e  n o rm a lly  25 -  50 1111 
le n g th s  randomly d isp e rse d  in  th e  plane o f th e  mat and l i g h t l y  bonded w ith
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a  r e s in  to  make a  f l a t  s h e e t .  These m ats, a  medium-cost form , a re  commonly 
made in  d i f f e r e n t  w e ig h ts  from 34 g/m2 upwards. The th ic k n e s s  o f each  mat 
can he v a r ie d , depending upon i t s  p ro cess  o f m anufactu re . Open te x tu r e ,  
o r  dense and w e ll bonded, a re  among th e  v a r io u s  ty p e s  com m ercially  
a v a i la b le .
The o th e r  ty p e s  o f mat made from continuous f ib r e  a re  c a l le d  c r e n e t te s .  
These a re  a v a ila b le  w ith  d i f f e r e n t  geom etric  o r ie n ta t io n s  o f th e  s t r a n d s ,  
such a s  u n ix ia l ly  a lig n e d  m ats, b i a x ia l ly  a lig n e d  in  two m u tu a lly  perpen­
d ic u la r  d i r e c t io n s  and so on. These mats a re  commonly u sed  f o r  th e  hand 
la y -u p  o r  co n tac t moulding method. V arious o th e r  form s o f  mat made from 
m onofilam ents o r  wool im pregnated w ith  sm all amounts o f r e s in ,  a re  a ls o  
a v a i la b le .  These a re  c l a s s i f i e d  as  t i s s u e s .
WOVEN MTS AND FABRICS: These a re  th e  most expensive form s o f  g la s s  f i b r e
re in fo rce m e n t. There a re  g e n e ra lly  two ty p e s : th o se  made from tw is te d  y a m  
and th o se  c o n ta in in g  ro v in g . These ty p es  o f  mat and f a b r i c s  a llow  a  h ig h  
volume o f f r a c t io n  o f f ib r e  to  be in c o rp o ra te d  in  th e  m a tr ix  and were 
s p e c ia l ly  developed f o r  r e s in  m a tr ic e s . D if f e re n t  v a r ia t io n s  o f  w e fts  and 
w arps a re  a v a ila b le  to  g ive a  wide s e le c t io n  o f ty p e s  o f  re in fo rce m e n ts  
f o r  s p e c i f ic  a p p l ic a t io n s .
3*2.2 P ro p e r t ie s  o f com m ercially a v a ila b le  fE* ty p e  g la s s  f ib r e  
A v e ry  good d e f in i t io n  o f g la s s  i s  g iven  by M o re y ^ ^  a s  *A g la s s  i s  an 
in o rg a n ic  substance  in  a  c o n d itio n  which i s  con tinuous w ith , and analogous 
t o ,  th e  l iq u id  s t a t e  o f th a t  substance  b u t w hich, a s  a  r e s u l t  o f  a  re v e r ­
s ib le  change in  v i s c o s i ty  d u rin g  c o o lin g , has a t ta in e d  so h ig h  a  degree o f 
v i s c o s i ty  as  to  be f o r  a l l  p r a c t i c a l  purposes r i g i d 1. T h e re fo re  th e  s t r u c ­
tu r e  o f  g la s s  p o sse sse s  sh o rt- te rm  b u t no lo n g -term  o rd e r  and t h i s  c o n fig ­
u r a t io n  o r  o rd e r  depends upon th e  r a te  o f  c o o lin g  from  th e  l iq u id  s t a t e .
The s t r u c tu r e  o f g la s s  and th e fo re  i t s  p ro p e r t ie s  cannot be d e fin e d  by th e  
chem ical com position a lo n e ; therm al h is to r y  i s  th e  s ig n i f i c a n t  f a c to r .
As a r e s u l t  o f th e se  s t r u c tu r a l  d if f e r e n c e s ,  th e  p r o p e r t ie s  o f  g la s s  f i b r e  
which have a  ra p id  co o lin g  r a te  a re  s ig n i f i c a n t ly  d i f f e r e n t  from th e  
p ro p e r t ie s  o f  th e  b u lk  g la s s .
TENSILE STRENGTH: The t e n s i l e  s tre n g th  o f th e  v i r g in  ’E* g la s s  f i b r e s  in  
m onofilam ent form te s t e d  under id e a l  c o n d itio n s  i s  o f  th e  o rd e r  o f 
3450 — 3800 MIT/m2. U n fo rtu n a te ly  t h i s  i n i t i a l  s t r e n g th  i s  reduced  sub­
s t a n t i a l l y  when th e  su rfa ce  o f th e  g la s s  f ib r e  i s  damaged by p h y s ic a l
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a b ra s io n  by c o n tac t w ith  an o th e r body o r  by chem ical a t t a c k .  The
s tre n g th s  re p o rte d  f o r  th e  abraded f ib r e s  a re  o f th e  o rd e r  o f 50 — 60 p e r
( 51—53)cen t o f t h e i r  v i r g in  s t r e n g th .  V arious re s e a rc h  w o rk ersw  y ' have d i s ­
cussed  th e  f a c to r s  a f f e c t in g  th e  t e n s i l e  s tre n g th  o f g la s s  f i b r e s  and 
p u t forw ard  d i f f e r in g  views on th e  o r ig in  o f  i n t r i n s i c  s t r e n g th  and th e  
s t r e n g th  ach ieved  in  p r a c t ic e .  The im portan t f a c to r s  which s ig n i f i c a n t ly  
a f f e c t  th e  s tre n g th  a re :  su rfa ce  flaxes, m e ltin g  h i s to r y  and f ib r e  d ia ­
m e te r. M e tca lf  and Schm itz have c a r r ie d  ou t an e x te n s iv e  s tu d y  o f th e  
s t r e n g th  o f f ib r e s  and have suggested  th re e  ty p es  o f  flaw  x/hich a f f e c t  
th e  s t r e n g th  o f th e  f i b r e .  I n te r n a l  s t r u c tu r a l  f law s spaced a t  10*"  ^ to
10 ^ mm reduce th e  s t r e n g th  o f th e  f ib r e  c o n s id e ra b ly  from  th a t  p re d ic te d
—1th e o r e t i c a l l y .  Rounded t i p  su rface  d e fe c ts  spaced 10 mm a p a r t  f u r th e r  
reduce th e  s tre n g th  and l a s t l y ,  sharp  t i p  s c ra tc h e s  on th e  su rfa c e  x/hose 
sp ac in g  could  be as  h ig h  as 20 mm a p a r t ,  a c t  a s  s t r e s s  c o n c e n tra to rs  and 
reduce th e  s tre n g th  a cc o rd in g ly . The p resence  o f th e  c lo s e ly  spaced 
in te r n a l  flaw s i s  in h e re n t in  th e  m anufacture o f g la s s  and th e se  a re  
alw ays p re se n t in  any f i b r e .  F or t h i s  reaso n  f i b r e s  drax/n under c o n tro l le d  
c o n d itio n s  and te s t e d  x-zithout b e in g  su b je c te d  to  su rfa c e  damage, alw ays 
g ive  th e  same o rd e r  o f  s t r e n g th .  The o th e r  ty p e s  o f  flaw  and t h e i r  
d e n s i ty  depend upon th e  su rface  c o n tac t and h a n d lin g  h i s to r y  o f  th e  f i b r e .  
The e f f e c t  o f  d e n s i ty  and frequency  d i s t r ib u t io n  i s  f u r t h e r  confirm ed by 
th e  d ecrease  in  t e n s i l e  s tre n g th  o f th e  f ib r e  w ith  in c re a s in g  gauge 
le n g th . The m e ltin g  h i s to r y  and c o n d itio n in g  o f g la s s  a t  a  c e r ta in  
tem p era tu re  (term ed by Cameron^ as  r e f in in g )  ap p ears  to  a f f e c t  th e  
c o e f f ic ie n t  o f v a r ia t io n  o f s t r e n g th .  Cameron found t h a t  c o n d itio n in g  
o f g la s s  to  tem p era tu res  o f 1450 -  1500°C produced f i b r e s  o f maximum 
s tre n g th  w ith  minimum c o e f f ic ie n t  o f v a r ia t io n .  Com m ercially a v a i la b le  
fE e ty p e  g la s s  which i s  norm ally  f ib e r i s e d  a t  1200° -  1300°C shows a  much 
h ig h e r  v a r ia t io n  o f s tre n g th  and c o e f f ic ie n ts  o f v a r i a t io n  o f  15 — 25 p e r  
c en t have been re p o r te d  by s e v e ra l  w orkers.
The e f f e c t  o f f ib r e  d iam eter on th e  s t r e n g th  o f g la s s  f i b r e  was o r ig i n a l ly
p re s e n t by G r i f f i t h ^ ^  and su b seq u en tly  confirm ed by A n d e r e g g ^ ^ .
( 55)L o w rie '-^ 7 a t t r i b u t e s  th e  low ering  o f f ib r e  s t r e n g th  w ith  in c re a s e  in  
f ib r e  d iam e te r to  th e  c o n d itio n s  in  x/hich f i b r e s  were drawn and t e s t e d  by 
th e se  w orkers . He argues t h a t ,  i f  th e  d e fe c t s iz e  and sp ac in g  were k e p t 
c o n s ta n t, th e  s tre n g th  o f th e  f ib r e  should  be independen t o f  th e  d ia m e te r . 
I f  th e re  i s  a  wide d i s t r ib u t io n  o f flax/ s iz e s ,  th e n  th e  average  s t r e n g th  
o f f ib r e s  w ith  la r g e r  d iam eter must be l e s s ,  sim ply  on th e  b a s is  o f  a  
h ig h e r  p ro b a b i l i ty  o f having  la r g e r  d e fe c t p o p u la tio n  p e r  u n i t  volum e.
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A re c e n t work "by ThomasKJ'JJ has shown t h a t ,  -under c o n tro l le d  c o n d itio n s  
o f f i b e r i s a t i o n  and t e s t i n g ,  th e  t e n s i l e  s tre n g th  o f v i r g in  g la s s  f i b r e s  
o f d iam eters  5 — 50 m icrons i s  independent o f d iam e te r . He p o in ts  out 
f u r th e r  th a t  th e  f ib r e s  w ith  sm a lle r  d iam e te r a re  l e s s  s u s c e p tib le  to  
su rfa c e  damage, owing to  t h e i r  sm a lle r  su rfa c e  a re a  and hence have a 
low er d e n s i ty  o f su rfa ce  f la w s . I t  im p lie s  t h a t ,  a lth o u g h  th e  s t r e n g th  
o f  v i r g in  f i b r e s  may be independent o f f ib r e  d iam e te r , th e  s t r e n g th  o f 
abraded  f ib r e  can be expected  to  d ecrease  as  th e  f ib r e  d iam e te r in c re a s e s .  
T h is  e x p la in s  th e  tre n d  observed by th e  e a r l i e r  w o rk ers .
A part from th e se  p h y s ic a l c o n d itio n s  o f th e  f ib r e  which a f f e c t  th e  s t r e n g th ,  
env ironm ental c o n d itio n s  such as  exposure to  h ig h  hu m id ity  and tem pera­
t u r e s ,  su s ta in e d  lo a d s , r a te  o f s t r a i n ,  f a t ig u e  and chem ical a t ta c k ,  a ls o  
a l t e r  th e  s tre n g th  p ro p e r t ie s  s ig n i f i c a n t ly .
A d e ta i le d  d is c u s s io n  o f th e se  f a c to r s  i s  beyond th e  scope o f t h i s  work b u t 
th e  s ig n if ic a n c e  o f th e se  e f f e c t s  w i l l  be d is c u s se d , where a p p ro p r ia te ,  
in  l a t e r  s e c t io n s ,
Coleman*s bundle th e o ry  shows th a t  th e  average s tr e n g th  o f  a  bundle o f
f ib r e s  which have a  la rg e  s t a t i s t i c a l  d is p e r s io n  o f s t r e n g th ,  i s  l e s s  th a n
th e  s t r e n g th  c a lc u la te d ,  based on th e  mean s tre n g th  o f i t s  c o n s t i tu e n t
( 17
f i b r e s .  S ev e ra l a t te m p ts ' 1 1 ' have been made to  de term ine  th e  magni­
tu d e  o f  t h i s  e f f e c t  and r e la t io n s  between p re d ic te d  s t r e n g th  o f a  bundle 
o f f i b r e s  and th e  s t r e n g th  o f i t s  c o n s t i tu e n t  f ib r e  have been e s ta b l is h e d ,  
T h o m a s^ ^  has r e c e n t ly  re p o rte d  on th e  s tr e n g th  o f g la s s  f ib r e  s t r a n d .
The s tra n d  c o n s is te d  o f 406 in d iv id u a l f ib r e s  o f fE f g la s s  o f 1 2 - 1 3  
m icrons d iam eter coated  w ith  s i la n e .  H is co n c lu s io n s  can be summarised 
a s :
( i )  The u lt im a te  s tre n g th  o f undamaged v i r g in  f i b r e  was 3650 M /m 2 
w hereas th e  s tre n g th  o f  m onofilam ent e x tra c te d  from s tra n d  in  
damaged c o n d itio n  was on ly  1740 M /m 2.
( i i )  The mean b reak in g  s tre n g th  o f  s tra n d  was dependent upon th e  le n g th  
o f s tra n d  te s t e d .
F or th e  s im ila r  gauge le n g th s  th e  s tr e n g th  o f th e  s tra n d  was 60 -  
65 p e r  cen t o f  th e  mean b reak in g  s tr e n g th  o f  i t s  c o n s t i tu e n t  
f ila m e n t.
( i i i )  The s tre n g th  o f  s tra n d  in c re a se d  as  th e  s t r a i n  r a t e  in c re a s e d .
F o r a  te n  tim es in c re a se  in  s t r a in  r a te  th e re  was a  10 p e r  cen t 
in c re a se  in  s t r e n g th .
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^ iv j The re d u c tio n  in  th e  s tr e n g th  of th e  s tra n d  was m ain iy  aue t o  
f i b r e - f i b r e  f r i c t i o n  and subsequent su rfa ce  damage,
(v ) The p resence  o f a  b in d in g  agent in  th e  s tra n d  in c re a se d  th e  mean 
b reak in g  s tr e n g th  o f  s tra n d  c o n sid e rab ly .
Thus i t  i s  ev id en t from th e  work re p o rte d  by Thomas th a t  th e  mean s tr e n g th  
o f  s tra n d  i s  v e ry  s e n s i t iv e  to  a  range o f p a ram ete rs . Because th e  con­
d i t io n s  in  com posites c o n ta in in g  th e se  s tra n d s  a re  r e l a t i v e l y  u n c o n tro lle d , 
a  la rg e  v a r ia t io n  in  th e  average s tre n g th  o f th e  g la s s  f i b r e ,  p re se n t a t  
any c ro ss  s e c tio n  o f th e  com posites, cannot be avo ided .
ELASTIC PROPERTIES: G lass  f i b r e s  a re  e l a s t i c  u n t i l  f a i l u r e  and e x h ib i t
n e g l ig ib le  creep  under c o n tro l le d  d ry  c o n d itio n s . There i s  g e n e ra l ag re e ­
ment among th e  v a rio u s  in v e s t ig a to r s  th a t  th e  Young*S modulus o f mono­
fila m e n t o f ^  g la s s  i s  o f th e  o rd e r  o f 7 6  GR/m2, The u lt im a te  f r a c tu r e  
s t r a i n  o f th e  m onofilam ent i s  about 2 .5  ~ 3*5 p e r c e n t .  The load  d e f o r -  
m ation  c h a r a c te r i s t i c s  o f s tra n d s  have been in v e s t ig a te d  by Thom as^ '  and 
th e  g en e ra l form o f  t h i s  r e l a t io n  i s  shown in  P ig  3.5* He d isc u sse d  th e  
b eh av io u r o f s tra n d  under th e  in f lu e n c e  o f in c re a s in g  lo a d  and p o in te d  
ou t th a t  th e  f r a c tu r e  o f s tra n d  . i s  a  cum ulative p ro c e ss  o f  th e  f r a c tu r e  
o f i t s  c o n s ti tu e n t  f i la m e n ts .  The w eakest f ib r e s  break: f i r s t ,  th e  lo ad  
on th e  s tra n d  i s  t r a n s f e r r e d  to  th e  rem ain ing  s tro n g e r  f i b r e s ,  and so on. 
At low lo ad s  th e  r e la t io n s h ip  betw een load  and e x te n s io n  i s  l i n e a r ,  as 
shown in  P ig  3*5* F in a l ly  a  maximum i s  reached  when th e  lo ad  commences 
to  d ecrease  in  s p i te  o f  th e  ex ten s io n  c o n tin u in g  to  in c re a s e .  The lo ad  i s  
zero  o r  o f v e ry  sm all magnitude a t  th e  maximum e x te n s io n . Assuming th e  
b eh av io u r o f  a  m onofilam ent o f g la s s  to  be e l a s t i c  up to  f a i l u r e ,  a  l i n e a r  
lo a d -e x te n s io n  p lo t  to  f a i l u r e  could  have been expected^ i f  a  s im u ltaneous 
f r a c tu r e  o f a l l  th e  f ib r e s  had o ccu rred . However, a f t e r  th e  lo ad  has 
reached  a  maximum value  i t  commences to  d e c rea se , due to  th e  p ro g re s s iv e  
f i b r e  f a i l u r e .  The a c tu a l  s t r e s s  in  th e  rem ain ing  f i b r e s  in c re a s e s  and 
reach es  th e  u ltim a te  va lu e  o f th e  abraded m onofilam ent (a s  shown in  
F ig  3*5)* At low le v e l s  o f s t r e s s  th e re  i s  no d i f f e r e n c e .
3*2.3 F ib re  p ro p e r t ie s  in  p r a c t i c a l  GRG com posites
As seen  from th e  p rev io u s  d is c u s s io n s , th e  s tr e n g th  o f  th e  g la s s  f i b r e  
b o th  in  f ila m e n t and s tra n d  form , can be -sev ere ly  reduced  by many f a c t o r s .  
I n  p r a c t i a l  com posites, where f ib r e s  a re  in c o rp o ra te d  in  a  m a tr ix  in  a  
chopped form , o th e r  f a c to r s  a lso  come in to  p la y . The chopping p ro c e ss  
i t s e l f  has a  damaging e f f e c t  on th e  su rface  o f th e  f i b r e ;  i t  a ls o
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s x g n x i  xu ariu xy a l i e n s  untJ geuiueux-.y ojl uxiu a u r a n a , rcn-oxctx x xxcuua,i/xaci uxuix 
may occur which r e s u l t s  in  s tra n d s  w ith  v a ry in g  numbers o f f i la m e n ts .
The a b ra s iv e  n a tu re  o f th e  m a trix  s lu r r y  a lso  damages th e  su rfa c e  o f th e  
f i b r e  d u rin g  th e  f a b r ic a t io n  p ro c e ss , and so does th e  c r y s t a l l i s a t i o n  
p ro c e ss  d u rin g  th e  h y d ra tio n  o f p l a s t e r .  A ll th e se  f a c to r s  w i l l  ten d  to  
reduce th e  s tre n g th  o f the . f i b r e .  One f a c to r  which cou ld  a c t  p o s i t iv e ly  in  
in c re a s in g  th e  s tre n g th  o f th e  s tra n d  in  -a com posite i s  th e  p resence  o f 
m a tr ix  c r y s t a l s 1^  th e  in te r f i la m e n t  spac ing  o f th e  s tr a n d  -  which may a c t  
a s  a  b in d e r  and hence h e lp  to  t r a n s f e r  th e  lo ad  from broken  to  unbroken 
f i b r e s  e n ab lin g  th e  s tra n d  to  tak e  h ig h e r lo a d s . I n  view  o f th e  c o n f l i c t ­
in g  n a tu re  o f th e  p ro c e sse s  in v o lv ed , i t  i s  d i f f i c u l t  to  a s s e s s  th e  e f f e c t s  
q u a n t i t a t iv e ly .  The on ly  s o lu t io n  in  th e se  c ircu m stan ces  i s  to  de term ine  
th e  u lt im a te  lo ad  c a r r ie d  by th e  s tra n d  embedded in  a  m a tr ix , u h i c h  g iv e s  
a  re a so n ab ly  c lo s e r  e s tim a tio n  o f  i t s  tim e s tre n g th  in  th e  a c tu a l  com posite .
3 .2 .4  P ro p e r t ie s  o f g la s s  f ib r e s  used
O rd inary  *E* g la s s  f i b r e  in  th e  form o f ro v in g  made by T urner B ro th e rs  
were used in  th e  p re se n t programme. The ro v in g  was d e s ig n a te d  as  ECR 144» 
and co n ta in ed  60 s t r a n d s . Each s tra n d  c o n s is te d  o f 204 f i la m e n ts  o f  9«5 
m icrons d iam eter and was s iz e d  w ith  a  w a te r -so lu b le  FVA em ulsion . The 
p ro p e r t ie s  o f *E* g la s s  f ila m e n t used a re  given, in  Table 3*4» The fa b ­
r i c a t i o n  tech n iq u e  f o r  th e  p re p a ra t io n  o f th e  com posite and th e  p a r t i c l e  
s iz e  o f  th e  p l a s t e r  m a tr ix  allow ed very  l i t t l e  im pregnation  o f p l a s t e r  in to  
th e  s tra n d . T his r e s u l t s  in  a  system  where th e  chopped s tr a n d s ,  ie  
bund les o f f i la m e n ts , form th e  in d iv id u a l re in fo r c in g  e lem en ts . I n  t h i s  
s i tu a t io n  th e  s tre n g th  o f th e  s tra n d , r a th e r  th an  th a t  o f  th e  f i la m e n t,  
becomes th e  govern ing  f a c to r  in  th e  u lt im a te  s t r e n g th  develop ­
ment o f  th e  com posite. The t e n s i l e  s tre n g th  o f  s tra n d s  was 
determ ined  f o r  v a r io u s  gauge le n g th s  and th e  r e l a t i o n  betw een 
gauge ! len g th  and th e  s tre n g th  o f th e  s tra n d  i s  g iven  in  F ig  3«6. I t  i s  
c l e a r ly  seen th a t  th e  s tre n g th  o f th e  s tra n d  d ecreased  w ith  in c re a s in g  
gauge le n g th  and t h i s  f a c t  was tak en  in to  c o n s id e ra tio n  w h ile  c a lc u la t in g  
th e  s tre n g th  o f th e  com posites.
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3 .3  F ib re -M a tr ix  I n te r f a c e
The p ro p e r t ie s  o f a  f ib r e - r e in f o r c e d  com posite a re  governed by th e  t r a n s ­
f e r  o f s t r e s s  from th e  secondary phase ( th e  m a trix ) to  th e  p rim ary  phase 
( th e  f i b r e ) .  To make use o f  th e  d e s ir a b le  p ro p e r t ie s  o f  th e se  two phases 
in  a  com posite, i t  i s  n e ce ssa ry  to  jo in  them to g e th e r  to  make an in te g r a l  
u n i t .  The techno logy  o f f a b r ic a t io n  s u c c e s s fu lly  perform s t h i s  un ion  and 
th e  in te g r a l  in te r f a c e  so produced p la y s  an im portan t p a r t  in  th e  p e r fo r ­
mance o f  th e  com posite. In  f a c t  an a c tu a l  com posite d i f f e r s  p h y s ic a l ly  
from  i t s  components o n ly  in  th a t  i t  p o sse sse s  in t e r f a c e s ,  u s u a l ly  o f a  
complex n a tu re .  S ince th e  two phases w i l l  p o sse ss  d i f f e r e n t  e l a s t i c  and 
p l a s t i c  p r o p e r t ie s ,  i t  i s  c le a r  th a t  th e re  w i l l  be a  rh e o lo g ic a l  i n t e r ­
a c t io n  a t  th e  in te r f a c e  when th e  com posite i s  su b je c te d  to  a  lo a d in g  
system . T his in te r a c t io n  and i t s  e f f e c t s  c o n tro l th e  o p e ra t io n a l  e f f i c ­
ien cy  o f  th e  com posites. D esp ite  th e  seem ingly obvious im portance o f 
t h i s ,  th e  i n t e r f a c i a l  in te r a c t io n  has re c e iv e d  on ly  l im i te d  a t t e n t io n  a t  
l e a s t  by com parison w ith  en g in ee rin g  developm ent. Some work has been 
re p o r te d  on system s c o n ta in in g  d u c t i le  m a tr ic e s  w ith  e i t h e r  b r i t t l e  o r  
d u c t i le  f i b r e s ,  b u t v e ry  l i t t l e  work has y e t been p u b lish e d  on b r i t t l e
f ib r e  — b r i t t l e  m a trix  system s. A c o n sid e ra b le  amount o f  a n a ly t ic a l
(13) ( 16)work on id e a l is e d  system s has been re p o r te d  by Dow  ^ ' ,  P a r r a t t '  ' and 
o th e r s ,  b u t th e  a c tu a l  com posites used in  p ra c t ic e  d i f f e r  so much from 
id e a l  com posites th a t  most o f th e  re se a rc h  w orkers have r e s o r te d  to  a c tu a l  
ex p erim en ta l measurement o f th e  p a ram eters  a s s o c ia te d  w ith  th e  i n t e r f a c i a l  
p ro p e r t ie s  f o r  any g iven  c o n d itio n s . I n  th e  p re se n t r e s e a rc h  programme 
a  s im ila r  approach was ta k en , though th e  id e a  o f  an a b so lu te  i n t e r f a c i a l  
bond s tr e n g th  had to  be m odified  to  tak e  in to  account th e  v a r ia b le  
geom etry o f th e  re in fo r c in g  elem ents in  t h i s  system .
3#3*1 G la s s - p la s te r  in te r f a c e
The v a rio u s  f a c to r s  in f lu e n c in g  th e  p ro p e r t ie s  o f th e  two in d iv id u a l  
p h ase s , namely p l a s t e r  and g la s s  f i b r e ,  have been d is c u s se d  in  e a r l i e r  
s e c t io n s .  The f i b r e s  used in  th e  f a b r ic a t io n  o f th e  GRG com posites in  
th e  p re se n t in v e s t ig a t io n  were in  th e  form o f s t r a n d s ,  i e  b u n d les  o f 204 
f i la m e n ts .  The s tra n d  shape o f th e  com m ercially  a v a i la b le  *Ef g la s s  
i s  o f a  f l a t  rib b o n  ty p e  approx im ating  to  a  r e c ta n g u la r  shape . F ig  3«7 
g iv e s  a  ty p ic a l  c ro s s - s e c t io n  o f an fE* g la s s  s t r a n d . The p h y s ic a l  dimen­
s io n s  o f t h i s  r e c ta n g u la r  shape v a r ie d  c o n s id e ra b ly  from  s tra n d  to  s tra n d  
and ro v in g  to  ro v in g  depending upon th e  amount o f s iz in g  and th e  d ia m e te r 
v a r ia t io n  o f  th e  c o n s ti tu e n t  f i la m e n ts  d u rin g  p ro d u c tio n . As m entioned
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F ig u re  3. 7
A typ ica l  c r o s s - s e c t i o n  of an 1E 1 g lass  
s t r a n d  (x 100)
F ig u re  3. 8
Glass  f ib re s  embedded in a m a t r ix  of se t  
gypsum p l a s t e r  (x2000), showing re la t iv e ly  
poor  bond of ca lc ium sulphate  c r y s t a l s  to 
g la ss ,  with many voids
F ig u re  3. 9 'P u l l -o u t '  s p ec im en  in ten s i l e  
t e s t in g  m ach ine
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e a r l i e r ,  th e  p ro p e r t ie s  o f th e  hardened gypsum p l a s t e r  a re  dependent upon 
th e  p o ro s i ty  ach ieved  in  th e  hardened system . Even a t  v e iy  low p o r o s i t ie s  
o b ta in e d  in  th e  p re se n t in v e s t i g a t i o n  th e  degree o f p o ro s i ty  encoun tered  
was as  h ig h  as  20 to  30 p e r c e n t, Thus f o r  a  f ib r e  embedded in  such a 
porous system  about o n e - th ird  o f i t s  in te r f a c e  must c o n s is t  o f v o id s  and 
d i s c o n t in u i t i e s .  P ig  3-8 shows a  s te re o sc a n  m icrograph o f a  com posite 
w hich in d ic a te s  th e  i r r e g u la r  and d isco n tin u o u s  n a tu re  o f  th e  in te r f a c e .  
W ith a l l  th e se  d e v ia t io n s  from an id e a l is e d  system  w hich d id  n o t allow  one 
to  assume a  co n sta n t i n t e r f a c i a l  geom etry and con tinuous bonding , i t  was 
d ecided  to  r e l a t e  th e  s tr e n g th  o f th e  in te r f a c e  to  th e  le n g th  o f embedment 
o f  a  s tra n d , r a th e r  th a n  to  th e  a b so lu te  fo rc e  p e r  u n i t  in te r f a c e  a re a .
T h is  was ach ieved  by d e term in in g  th e  r e la t io n s h ip  betw een th e  lo ad  re q u ire d  
to  p u l l  ou t a  s tra n d  and th e  embedded le n g th  o f th e  s tr a n d  f o r  a  gypsum 
m a tr ix  o f a  known p o ro s i ty ,
3,3*2 E xperim enta l tech n iq u e
A d i r e c t  method o f measurement o f bond based  on t e s t i n g  specim ens in  which
a  s in g le  r e in fo r c in g  elem ent, ie  a s tra n d  embedded in  gypsum p l a s t e r  i s
p u lle d  out in  te n s io n , was used  to  e v a lu a te  th e  s t r e n g th  o f th e  in te r f a c e .
The t e s t s  were made on th e  sim ple t e s t i n g  r i g  developed by de Vekey and 
(59)Majumdarv 1 as  shown in  P ig  3*9* A 're in fo rcem en t s tra n d  o f known le n g th  
i s  embedded in  a  d is c  o f  gypsum p la s t e r  o f known p o r o s i ty .  A f te r  th e  
p l a s t e r  had s e t  and th e  specimen s t a b i l i s e d  under c o n s ta n t d ry  c o n d itio n s , 
th e  s tra n d  i s  p u lle d  ou t o f t h i s  d is c  and th e  lo ad  e x te n s io n  cu rves d u r in g  
p u l l - o u t  re co rd ed . T his method o f t e s t  a llo w s th e  o b se rv a tio n  o f f a i l u r e  
mode and th e  k in e t ic s  o f th e  bond d u rin g  debonding and subsequent p u l l -  
o u t, These sim ple t e s t s  a lso  a llow  a  wide range o f embedment le n g th  and 
p o r o s i t i e s  o f th e  m a tr ix  to  be covered . The w a te r :p la s te r  r a t i o s  ach iev ed  
in  th e  a c tu a l  la rg e - s c a le  board  m anufacture w e re 'a s  low a s  0 ,28  — 0 .3 ;  
t h i s  was made p o s s ib le  by th e  s u c tio n  tech n iq u e  o f f a b r i c a t io n .  At th e se  
low w a te r :p la s te r  r a t i o s  th e  p l a s t e r  mix i s  unworkable and hence no p u l l -  
ou t specimen could  be c a s t  to  determ ine th e  i n t e r f a c i a l  bond s t r e n g th .
T his d i f f i c u l t y  was overcome by m easuring th e  lo ad  — embedded le n g th  — 
re la t io n s h ip  w ith  mixes hav ing  h igh  w a te r c o n te n ts , from which specim ens 
cou ld  be made and e x tra p o la t in g  th e  r e la t io n s h ip  to  low w a te r  c o n te n ts .
Specimens c o n ta in in g  fE f g la s s  s tra n d s  o f v a ry in g  le n g th  o f embedment, 
ran g in g  from 2 to  15 mm, were p rep ared  w ith  p l a s t e r  o f  P a r i s  hav in g  fo u r  
w a te r :p la s te r  r a t i o s  nam ely, 0.35» 0*4» 0*45 0*5* A f te r  p r e p a ra t io n ,
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weeks and th en  te s t e d  on an In s tro n  m achine. The lo ad  e x te n s io n  curve 
f o r  t h i s  p u l l - o u t  t e s t  was reco rd ed . Between te n  and f i f t e e n  specim ens 
were t e s t e d  f o r  any g iven  com bination o f le n g th  o f  embedment and w a te r : 
p l a s t e r  r a t i o .  Prom th e  load  e x ten s io n  c u rv es , th e  f a i l u r e  lo ad  o f th e  
s tra n d  and th e  c o n d itio n s  o f  th e  t e s t  specimen d u rin g  th e  t e s t ,  i t  was 
p o s s ib le  to  e s ta b l i s h  th e  v a rio u s  f a i l u r e  modes undergone by specim en. 
T y p ica l shapes o f th e  p u l l - o u t  curves o b ta in ed  a re  shown in  F ig  3 .1 0 .
Prom th e  t e s t  r e s u l t s  so o b ta in ed  th e  r e la t io n s h ip  betxveen u lt im a te  p u l l -  
ou t lo ad  and embedment le n g th  was e s ta b l is h e d . T h is i s  g iv en  in  P ig  3»11* 
There i s  a  co n s id e ra b le  amount o f  s c a t t e r  in  th e  d a ta ,  due p r im a r i ly  to  
th e  v a r ia b le  geom etry o f th e  s tra n d , th e  s t a t i s t i c a l  v a r i a t io n  o f  th e  
s tra n d  s t r e n g th  and exp erim en ta l d i f f i c u l t i e s  o f p re p a ra t io n  and t e s t i n g  - 
o f  th e se  specim ens. Hence a  la rg e  number o f specim ens have been t e s t e d  
and average v a lu e s  used in  th e  p re p a ra t io n  o f  t h i s  g rap h . The average 
u l t im a te  s tre n g th  o f th e  d ry  s tra n d  was about 2 kg (20 U) and t h i s  ./load  
formed th e  upper l im i t  f o r  th e  a c tu a l  p u l l - o u t  p ro c e ss . Lengths o f  embed­
ment g r e a te r  th a n  th a t  re q u ire d  to  cause g la s s  f a i l u r e  in  th e  p u l l - o u t  
t e s t  a s  compared w ith  bond f a i l u r e  were assumed to  be in  ex cess  o f  th e  
c r i t i c a l  le n g th  f o r  th e  p a r t i c u l a r  w a te r :p la s te r  r a t i o  u sed .
Prom t h i s  fam ily  o f l i n e a r  r e l a t io n s ,  a n o th e r s e t  o f  l i n e a r  r e l a t i o n s  
betw een w a te r co n ten t and th e  lo g  o f  th e  s tra n d  lo ad  was a ls o  e s ta b l is h e d  
f o r  v a r io u s  le n g th s  o f embedment. These a re  shown in  F ig  3*12. U sing 
P ig  3*12 and th e  u lt im a te  load  o f th e  s tra n d , th e  r e la t io n s h ip  betw een 
th e  p o ro s i ty  o f th e  p l a s t e r  and th e  le n g th  re q u ire d  to  develop  th e  u l t im a te  
lo ad  o f th e  s tra n d  was deduced, and i s  re p re se n te d  in  P ig  3.13* Prom 
t h i s  deduced r e la t io n s h ip  and th e  measured p o ro s i ty  o f th e  com posite i t  
was p o s s ib le  to  e s ta b l i s h  th e  c r i t i c a l  le n g th  o f chopped f ib r e  re q u ire d  
f o r  th e  developm ent o f th e  u lt im a te  s tre n g th  o f th e  r e in f o r c in g  e lem en ts  
in  th e  com posites. The r a t i o  o f  th e  a c tu a l  f ib r e  le n g th  used  and th e  
c r i t i c a l  le n g th  re q u ire d  gave th e  le n g th  e f f ic ie n c y  f a c t o r  o f  th e  s h o r t  
f i b r e s .  T his m odified  id e a  o f  v a r ia b le  c r i t i c a l  le n g th  requirem ent^ based  
on th e  degree o f d is c o n t in u i ty  o f th e  in te r f a c e ,  i s  c lo s e r  to  t h a t  encoun­
te r e d  in  th e  p r a c t i c a l  com posites. The in c re a se  o r  d e c rea se  o f  th e  d i s ­
c o n tin u ity  o r  p o ro s i ty  could  be due to  th e  h ig h  w a te r  c o n te n t ,  v a r ia b le  
com paction f i b r e - f i b r e  in te r a c t io n  a t  h igh  volume f r a c t io n ,  in c re a s e  in  
f ib r e  le n g th , o r  to  any com bination o f th e se  f a c to r s .  The n e t  r e s u l t  o f
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T y p ic a l p u ll-o u t c u rv e s  of 'E ' g la s s  s t r a n d  em b ed d ed  in  p l a s t e r  of P a r i s
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F ig u r e  3. 11 :
R e la tio n  b e tw ee n  u ltim a te  p u ll-o u t lo ad  and  le n g th  of e m b e d m e n t o f 
'E ' g la s s  s t r a n d  in  p la s t e r  of P a r i s
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F ig u r e  3. 12
R e la tio n  b e tw ee n  p u ll out lo a d  of s t r a n d  and  w a te r  c o n ten t of P l a s t e r  
of P a r i s  fo r  d if f e r e n t  le n g th s  of e m b e d m e n ts
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F ig u r e  3. 13 ' ftn ro& lf «/o
R e la tio n  b e tw ee n  p o ro s ity  of m a t r ix  and  th e  c r i t i c a l  le n g th  of 
e m b ed m en t r e q u ir e d  to  d ev e lo p  th e  u l t im a te  lo a d  in  th e  s t r a n d
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th e se  f a c to r s  i s  th e  v a r ia b le  in te r f a c e  which a f f e c t s  th e  e f f i c i e n c y  of
re in fo rce m e n t. The r e la t io n s h ip  e s ta b lis h e d  between th e  p o ro s i ty  and th e
Lj A
lo ad  developed in  th e  s tra n d  i s  v a r ie d  f o r  th e  g la s s  s tra n d  and th e  
type  o f p l a s t e r  used in  th e  p re se n t programme. Any v a r i a t io n  in  th e  form 
o f  th e  r e in fo r c in g  elem ent o r  change in  th e  type  o f  m a tr ix  used w i l l  
a l t e r  t h i s  r e l a t i o n  c o n sid e ra b ly  and th u s  g ive  an e n t i r e l y  d i f f e r e n t  s e t  
o f  le n g th  e f f ic ie n c y  f a c to r s .
The i n t e r f a c i a l  bonds and hence th e  le n g th  e f f ic ie n c y  f a c to r ,  i s  a l s o '  
in f lu e n c e d  by such f a c to r s  as  p resence  o f a d ja c e n t f i b r e s ,  v a r ia b le  end 
geom etry o f th e  chopped s tra n d  and th e  s iz e  e f f e c t  o f th e  m a tr ix  p re se n t 
in  th e  a c tu a l  com posites. The ex perim en ta l e v a lu a tio n  o f th e  q u a n t i ta t iv e  
e f f e c t s  o f th e se  f a c to r s  on th e  in te r f a c e  poses extrem e d i f f i c u l t y  and 
hence a  s im p le r approach o f a  s in g le  s tra n d  p u l l - o u t  has been  adopted f o r  
th e  p re se n t programme. The most p ro bab le  e f f e c t s  o f th e s e  f a c to r s  w i l l  
be p o in te d  out in  th e  s e c t io n  d e a lin g  w ith  th e  d is c u s s io n s  o f th e  t e s t  
r e s u l t s  on th e  a c tu a l  com posites.
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CHAPTER 4 -  FABRICATION OF COMPOSITES
4.1 In tro d u c tio n
As d isc u sse d  e a r l i e r ,  th e re  a re  s e v e ra l  methods o f f a b r i c a t io n  f o r  g l a s s -  
.re in fo rc e d  gypsum com posites. The p ro p e r t ie s  o f th e  com posite m a te ria l, a s  
w e ll a s  i t s  p r ic e ,  depend m ainly upon th e  method o f f a b r i c a t io n  s e le c te d .
The main aim o f t h i s  re s e a rc h  programme, as  d e sc rib e d  e lsew h e re , was to  
produce a  homogeneous com posite m a te r ia l  in  th in  sh ee t form  hav ing  i s o t r o p ic  
p ro p e r t ie s  in  th e  p lane  o f the . s h e e t .  The econom ical c o n s id e ra t io n s  in v o lv ed  
in  th e  p r a c t i c a l  a p p l ic a t io n  o f t h i s  m a te r ia l  r e s t r i c t e d  th e  g la s s  co n ten t 
t h a t  could  be used to  a  maximum o f  12 to  14 p e r  cen t by w e ig h t.: ; P la n a r  ^ r- 
is o tro p y  in  sh ee t form and th e  a b i l i t y  to  c o n tro l th e  amount o f  g la s s ,  were 
th e  p r in c ip a l  c o n s id e ra tio n s  in  th e  s e le c t io n  o f a  s u i ta b le  f a b r ic a t io n  
te ch n iq u e . The o th e r  e s s e n t ia l  requ irem en ts  f o r  optimum s t r e n g th  a re  good 
Im pregnation  and c o a tin g  o f th e  f i b r e s  w ith  p l a s t e r  s l u r r y ,  un iform  d is p e r ­
s io n  o f th e  f i b r e s  and maximum com paction to  ach ieve a  dense m a te r ia l .  The 
f i r s t  requ irem en t n e c e s s i ta te s  th e  use o f a  p l a s t e r  s lu r r y  o f h ig h  w a te r  
c o n te n t , th e  second re q u ire s  a  uniform  homogeneous su sp en sio n  o f  f i b r e s  in  
th e  mix w ith o u t seg re g a tio n  and th e  l a s t  requ irem en t demands e x t r a c t io n  o f 
th e  excess w a te r to  g ive a  dense m a te r ia l .  These c o n f l i c t in g  req u irem en ts  
can be met in  p ra c t ic e  by s t a r t i n g  w ith  a  f l u i d  s lu r r y  and th e n  rem oving by 
s u c tio n , p re s s in g  o r  c e n tr ifu g in g  p ro cess  th e  excess w a te r  a f t e r  th e 'b o a rd  
h as been f a b r ic a te d .
Two methods o f f a b r ic a t io n  which looked com m ercially  f e a s ib le  and were 
f l e x ib le  enough to  in c o rp o ra te  a  wide range o f  v a r ia b le  p a ram ete rs  under 
in v e s t ig a t io n  were s e le c te d .  These were*
(a )  component prem ixing  -  and
0 0  sp ray  s u c tio n  te c h n iq u e s .
Both th e  methods were amenable to  c o n tro l re g a rd in g  g la s s  c o n ten t and le n g th , 
b u t th e  e f f ic ie n c y  o f th e  re in fo rcem en t ach ieved  in  th e  p ro d u c t was d i f f e r e n t ,  
due to  th e  d if fe re n c e  in  th e  geometry o f f ib r e  o r ie n ta t io n  o b ta in e d  in  th e  
two system s.
The v a rio u s  param eters  s e le c te d  f o r  t h i s  programme w ere:
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(b ) fo u r  le v e l s  o f com paction p re s su re  a p p lie d  d u rin g  th e  s u c tio n  p ro cess  — 
0, 0 .7 , 2.1 and 5 .0  M /m 2 ;
(c )  fo u r  le v e ls  o f  nom inal g la s s  c o n ten ts  (by  w eigh t) 3, 6 , 9 14 Pe r  
cen t f o r  com posites made by sp ray  su c tio n  tech n iq u e  and 3, 5» 6 and 
7 cen t f o r  com posites made by prem ixing te c h n iq u e .
4*2 Component Prem ixing
Chopped s tra n d s  o f re q u ire d  le n g th s  were mixed d ry  w ith  th e  a p p ro p r ia te  
amount o f  p l a s t e r  o f P a r i s .  A sm all amount o f K e ra tin , 0.01 to  0 .02  p e r  
c en t by w eight o f  p l a s t e r  was added to  th e  p l a s t e r  to  d e la y  th e  s e t t i n g  
tim e up to  1-2 h o u rs . T his d e lay  in . s e t t in g  allow ed s u f f i c i e n t  tim e f o r  
f a b r ic a t io n  and subsequent com paction to  be com pleted w ith o u t lo s s  in  th e  
w o rk a b il i ty  o f th e  system . A f te r  a  sh o r t p e rio d  o f d ry  m ixing an amount o f 
w a te r  re q u ire d  to  g ive a  w a te r  p l a s t e r  r a t i o  o f  0 .5  — 0 .6  was added to  th e  
mix and th en  th e  wet m ixing was con tinued  f o r  th re e  m in u te s . A f te r  th e  
com pletion  o f t h i s  m ixing, th e  m ix ture  was poured in to  a  mould o f 
275 sc 325 mm (see  P i g 4*1 ) c o n ta in in g  a  p e r fo ra te d  m eta l b a se , sp read  by a 
tro w e l and le v e l le d  o f f  w ith  a  s tr a ig h te d g e . S u c tio n  p re s su re  o f  
0.07  — 0 .08  Pf/mm2 was a p p lie d  by a vacuum pump to  remove th e  ex cess  w a te r . 
The board  was s im u ltan eo u sly  p re ssed  in  a  h y d ra u lic  p re s s  d u rin g  th e  suc­
t i o n  a t  th e  re q u ire d  p re s su re  f o r  2 - 3  m in u tes . A f te r  t h i s  th e  board  was 
demoulded onto a  wooden base p la te  and w eighed. The e x tr a c te d  w a te r  was 
c o l le c te d  in  a- r e s e r v o i r  and su b seq u en tly  w eighed. The g la s s  c o n ten t and 
th e  f i n a l  w a te r to  p l a s t e r  r a t i o  was e s tim a te d  from th e  measurement o f th e  
w e ig h ts  o f  th e  m a te r ia l  u sed , e x tra c te d  w a te r and th e  demoulded b o a rd .
The th ic k n e ss  o f th e  f in is h e d  board  ranged between 10 — 14 mm.
I t  was observed d u rin g  t h i s  p ro cess  o f f a b r ic a t io n  th a t  f i b r e s  h av in g  
le n g th s  between 11 -  34 mm and amounting to  3 -  5 p e r  cen t by w eigh t o f  th e  
board  mixed s a t i s f a c t o r i l y  and w ith  th e  p l a s t e r  produced a  mix w hich d id  
n o t show any s ig n s  o f seg reg a tio n  o r  b a l l in g  up o f  th e  f i b r e s .  I n  th e  
case o f  mixes c o n ta in in g  43 mm f ib r e  th e  mix n o t on ly  re q u ire d  a  l a r g e r  
amount o f  w a te r f o r  m ixing b u t th e  f ib r e s  e x h ib ite d  a  ten d en cy  to  b a l l  
and p a r t i a l  s e g re g a tio n  a t  h ig h  le v e l s  o f g la s s  co n ten t to o k  p la c e .
Im m ediately  a f t e r  demoulding th e  boards were s to re d  in  a i r  o f 40 Pe r  c en t 
RH a t  18°C f o r  a  p e rio d  o f two to  th re e  weeks f o r  com plete d ry in g . Some­
tim e d u rin g  t h i s  s to ra g e  p e rio d  th e se  boards were sawn in to  sm all specim ens
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F ig u re  4. 1
Mould fo r  compact ion  of 275 x 325 m m  g rg  b o a rd s
F ig u re  4. 2
Spray  - suction p r o c e s s
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F ig u r e  4. 3
C u ttin g  p la n  and  s c h e m e  of c o m p a c tio n  of g rg  b o a rd s  m a d e  by  
s p ra y  te ch n iq u e
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o f . s iz e  5U x 1^0 mm f o r  th e  v a r io u s  t e s t s  and s to re d  in  th e  same d ry  
c o n d itio n  p r io r  to  t e s t i n g .  Three hoards o f s iz e  275 x  325 mm were 
re q u ire d  to  g ive s u f f i c i e n t  sam ples to  c a r ry  out th e  v a r io u s  ty p e s  of 
t e s t  a t  each le v e l  and com bination o f  param eters  d e sc r ib e d  above. In  
o rd e r  to  avo id  any sy s te m a tic  v a r ia t io n  in  th e  board  o r  among th e  b o a rd s , 
th e  specim ens re q u ire d  f o r  each t e s t  were randomly s e le c te d  from th e  
sam ples cu t from th e se  th re e  b o a rd s .
4*3 S pray  S u c tio n  Technique
T h is  f a b r ic a t io n  tech n iq u e  developed a t  th e  B u ild in g  R esearch  S ta t io n  
in v o lv ed  u s in g  a  g la s s  chopper mounted on a  sp ray  gun a t ta c h e d  to  a  pump. 
P ig  4 .2  shows th e  equipm ent. P l a s t e r  s lu r r y ,  hav ing  a  h ig h  w a te r co n ten t 
o f  betw een 50 and 60 p e r  cen t by w eight o f p l a s t e r  depending  upon th e  ty p e , 
and th e  chopped g la s s  f ib r e  o f th e  c o r re c t  le n g th , was sp rayed  onto  a  
p e r fo ra te d  s u c tio n  mould. The mould- used in  th e  p re s e n t programme was
1 .5  3C 1 .0  m in  s iz e  and had a d ju s ta b le  sc reed  boards around i t  so th a t  
s h e e ts  o f v a r io u s  th ic k n e sse s  could  be made. The m a te r ia l  was sprayed  
u n t i l  a  th ic k n e ss  o f 10 — 14 mm was ach ieved  and th e n  th e  to p  su rfa c e  was 
le v e l le d  w ith  a  s t ra ig h te d g e . The excess w a te r  was e x tr a c te d  f o r  two to  
th re e  m inutes by th e  a p p l ic a t io n  o f a  su c tio n  o f 0.07  -  0 .0 8  M/mm2 u n t i l  
th e  m a te r ia l  was p a r t i a l l y  s t i f f ,  b u t n o t com plete ly  dew ate red . The vacuum 
a t  t h i s  s tag e  (c a l le d  th e  f i r s t  s ta g e )  was re le a s e d  and n in e  s m a lle r  bo ard s  
m easuring 275 x  325 mm were cu t from t h i s  b o ard . A c u t t in g  p la n  and scheme 
o f  com pacting th e  boards i s  shown in  P ig  4*3 . These sm all bo ard s  were 
t r a n s f e r r e d  to  th e  mould in  a  p redeterm ined  o rd e r  and su b seq u en tly  p re s se d  
a t  d i f f e r e n t  com paction p re s s u re s ;  su c tio n  was a lso  a p p lie d  to  e x t r a c t  
th e  excess  w a te r . The same procedure was adopted f o r  th e  c o l le c t io n  o f 
e x tra c te d  w a te r . The rem ain ing  p iece  o f board  on th e  la rg e  mould was 
su b je c te d  to  a  f u r th e r  su c tio n  p e rio d  o f two to  th re e  m inu tes to  ach ieve  
a  f i n a l  w a te r  p l a s t e r  r a t i o  o f 0 .3  — 0 .33  a t  th e  end o f  th e  second s ta g e  
o f  s u c tio n . A f te r  dem oulding, th e  boards were g iven  tre a tm e n t s im i la r  to  
th e  boards made by th e  prem ixing te ch n iq u e . The g la s s  c o n ten t o f th e  
board  was v a r ie d  by c o n tr o l l in g  th e  r a te  o f chopping o f th e  g la s s  s t r a n d s .  
The le n g th  o f  th e  chopped s tra n d  was a l te r e d  by changing th e  number o f 
c u t t in g  b la d e s  in  th e  chopped drum.
T his f a b r ic a t io n  method was a cc e p tab le  when ach ie v in g  a  random p la n e r  
d e p o s it io n  o f f ib r e s  b u t was s u sc e p tib le  to  v a r ia t io n s  in  th e  g la s s  amounts 
o v er th e  a re a  o f th e  b o ard . G lass  co n ten t m easurements o b ta in e d  by w ashing
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th e  sm all a re a s  o f demoulded board  showed th a t  th e  g la s s  c o n ten t could  
v a ry  "between £ 0.25  p e r  cen t "by w eight from th e  e s tim a te d  mean p e rcen tag e  
a r r iv e d  a t  from th e  t o t a l  q u a n t i t ie s  o f m a te r ia ls  used  f o r  th e  p ro d u c tio n  
o f  th e  "boards. T his v a r ia t io n  seemed to  in c re a se  w ith  in c re a s in g  g la s s  
c o n te n t . The main reaso n  f o r  t h i s  v a r ia t io n  was found to  "be due to  th e  
v a r ia t io n  in  th e  d e l iv e ry  r a te  o f th e  chopper; t h i s  was v e ry  s e n s i t iv e  to  
sm all v a r ia t io n s  in  th e  su rfa ce  c h a r a c te r i s t i c s  o f th e  g la s s  ro v in g  "being 
chopped. At h ig h  g la s s  c o n te n ts , eg ahove 10 p e r  cen t l e v e l ,  th e  m a te r ia l  
e x h ib ite d  a  spongy appearance , due to  th e  h ig h  p o ro s i ty  in tro d u ce d  "by 
f i b r e - f i b r e  c o n ta c t .
The s u c tio n  ach ieved  on la rg e ,  as  w e ll a s  sm all, board s  under d i f f e r e n t  
com paction p re s su re s  a lso  v a r ie d  acco rd in g  to  th e  n a tu re  o f  th e  m a te r ia l  
and le v e l s  o f g la s s  c o n te n t . I n  th e se  c ircum stances ev e ry  e f f o r t  was made 
to  ach ieve  a  reaso n ab ly  c o n s ta n t w a te r :p la s te r  r a t i o  o f th e  f in i s h e d  board  
by c o n tro l l in g  th e  tim e o f s u c tio n  and th e  amount o f w a te r  e x t r a c te d .
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CHAPTER 5 -  TEST PROCEDURES
5*1 G eneral C o n sid e ra tio n s
The v a r ia t io n s  in tro d u ced  in to  th e  p ro p e r t ie s  o f a  hardened  b r i t t l e  m a tr ix  
l ik e  gypsum p l a s t e r  and cem ent,, due e i t h e r  to  d if f e r e n c e  in  th e  p ro p e r t ie s  
o f  th e  source o f th e  m a te r ia ls  o r  to  f a b r ic a t io n ,  w a rran t a  c o n tro l  and 
e s tim a tio n  o f t h i s  v a r i a b i l i t y  in  th e  p ro d u c ts  based  on them . G e n e ra lly , 
in  th e  f i e l d  o f co n cre te  techno logy  a  s u f f i c i e n t  number o f  sam ples a re  
t e s t e d  to  o b ta in  th e  mean s tr e n g th .  The number o f sam ples depend upon th e  
degree o f  c o n tro l re q u ire d , th e  d esig n  and th e  s iz e  o f th e  experim ent and 
th e  manpower a v a i la b le  f o r  th e  t e s t .  I n  th e  p re s e n t programme a t  l e a s t  
s i x  specim ens were t e s t e d  f o r  an e s tim a tio n  o f each p ro p e r ty . As s ta t e d  
p re v io u s ly , because o f th e  m o istu re  s e n s i t i v i t y  o f th e  GRG m a te r ia l ,  a l l  
th e  specim ens were kep t in  a i r  a t  40 p e r  cen t RH and 18°C and were exposed 
to  th e  t e s t i n g  machine environm ent im m ediately  p reced in g  th e  t e s t .
The fo llo w in g  p ro p e r t ie s  o f th e  com posite m a te r ia l  were d e te rm in ed :
( i ) T e n s ile  s tre n g th
( i i ) F le x u ra l s tre n g th
( i i i ) Compressive s t r e n g th
( iv ) Im pact s tre n g th
(v ) S t r e s s - s t r a in  r e la t io n s h ip s
( v i ) D en sity  measurement
( v i l ) E s tim a tio n  o f f ib r e  volume f r a c t io n  in  th e  com posite
5 .2  T e n s ile  S tren g th
Specimens m easuring 50 x  150 mm were t e s t e d  f o r  th e  d e te rm in a tio n  o f  te n ­
s i l e  s t r e n g th .  The specim ens were clamped in  th e  f l a t  s e r r a t e d  g r ip s  o f  
th e  In s t ro n  machine and s t r a in e d  a t  th e  r a t e  o f 2 .0  mm p e r  m in u tes . The 
lo a d -e x te n s io n  t r a c e  was a u to m a tic a lly  reco rd ed  on th e  I n s t r o n  c h a r t .
The t e n s i l e  s tr e n g th  was c a lc u la te d  from th e  u lt im a te  f a i l u r e  lo a d  and th e  
dim ensions o f th e  specim en. A specimen under t e s t  i s  shown in  F ig  5*1 •
5 .3  F le x u ra l S tren g th
Specimens m easuring 50 x  150 mm were t e s t e d  in  a  fo u r  p o in t  bend ing  t e s t  
on a  span o f 135 nun, e q u a lly  d iv id e d  in to  th re e  p a r t s  o f  45 nun each in  an
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reduce f r i c t i o n  a t  th e  su p p o rts . The lo ad  was a p p lie d  th ro u g h  a  h a l l  and 
so ck e t arrangem ent. P ig  5*2 shows th e  t e s t  r i g  and a  specim en under t e s t .
A c ro ss  head speed o f 2 ,0  mm p e r  m inute was used f o r  th e  t e s t .  The lo ad  
d e f le c t io n  t r a c e  was reco rded  a u to m a tic a lly  on th e  I n s t r o n  c h a r t .  The 
modulus o f ru p tu re  was c a lc u la te d  from th e  u lt im a te  lo ad  reco rd ed  assum ing 
an e l a s t i c  b eh av iou r in  sim ple bending .
5*4 Compressive S tren g th
P rism s o f 50 x  150 mm were te s t e d  f o r  th e  measurement o f  com pressive 
s t r e n g th .  The end o f th e  specimens were capped w ith  n e a t p l a s t e r  and th e  
u l t im a te  f a i l u r e  load  was determ ined  on an I n s t ro n  t e s t i n g  m achine. A 
c o n s ta n t c ro ss  head speed o f 2 .0  mm p e r  m inute was used  f o r  a l l  com pressive 
s t r e n g th  t e s t s .  The com pressive s tre n g th  was c a lc u la te d  from th e  u lt im a te  
lo a d s  reco rd ed  and th e  dim ensions o f th e  specim ens.
5*5 Im pact S tre n g th
A sw inging pendulum type  impact t e s t i n g  m achine, in  which th e  specimen 
was clamped a t  th e  b a se , was used to  measure th e  im pact s t r e n g th  on 
50 x  100 mm specim ens. A view o f t h i s  machine i s  shown in  P ig  5*3*
The pendulum was re le a s e d  from a  c o n stan t h e ig h t and i t s  movement a f t e r  
th e  im pact was reco rded  on a c a l ib r a te d  s c a le .  T his re a d in g  gave th e  amount 
o f  energy  absorbed in  f r a c tu r in g  th e  specimen f o r  a p a r t i c u l a r  c ro s s  sec ­
t i o n a l  a re a .
5 .6  S t r e s s - s t r a i n  R e la tio n sh ip s
S t r a in  measurements were made on 50 x  150 mm specim ens in  te n s io n ,  com­
p re s s io n  and bending . T w enty-five mm long , r e s is ta n c e  w ire  ty p e  e l e c t r i c a l  
s t r a i n  gauges were f ix e d  on b o th  fa c e s  o f  th e  specimen in  th e  com pression 
o r  te n s io n  t e s t .  I n  th e  case o f  bending  t e s t s  th e  gauges were f ix e d  on th e  
com pression and t e n s i l e  face  o f th e  specimen in  th e  m iddle t h i r d  span which 
i s  a  zone o f c o n stan t bending moment. The s t r a in s  were d i r e c t l y  reco rd ed  
th rough  a  s t r a i n  gauge recorded  and a m p lif ie r  on an u l t r a - v i o l e t  re c o rd in g  
u n i t .  A sim ultaneous rec o rd  o f lo ad  on th e  In s t ro n  c h a r t  and a  s t r a i n  
t r a c e  in  th e  re c o rd e r  gave th e  s t r e s s - s t r a i n  r e la t io n s h ip  f o r  th e  specim en 
up t o ' f a i l u r e .  For s t r a i n  measurement an a l t e r n a t iv e  method u s in g  a  clamp-'
. on type  In s t ro n  ex tensom eter o f 50 mm gang® le n g th  was a ls o  u sed . The 
ex tensom eter was a tta c h e d  to  th e  specimen under t e s t  e i t h e r  in  te n s io n  o r  
com pression. The ou tp u t o f th e  ex tensom eter under in c re a s in g  lo ad  was fe d  
in to  a  servo-system  v ia  a  s t r a in  gauge a m p lif ie r  u n i t .  T h is  se rv o -sy s tem
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F ig u re  5. 1 T e n s i le  te s t in g  of g rg  com posite
F ig u re  5. 2 F le x u ra l  t e s t  r ig
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F ig u re  5. 3 Izod im p ac t te s t in g  m ach ine
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c o n tro l le d  th e  c h a r t movement o f th e  In s tro n  re c o rd e r  in  accordance w ith  
th e  s t r a i n  o f th e  specimen and hence a  d i r e c t  lo a d - s t r a in  t r a c e  was o b ta in ed  
on th e  In s t r o n  re c o rd e r . I n  o rd e r  to  compare th e se  two methods o f s t r a i n  
measurement and a s s e s s  th e  e f f e c t  o f gauge le n g th  on th e  s t r a i n s  m easured, 
a  s h o r t  programme was c a r r ie d  ou t on s im ila r  specim ens u s in g  s t r a i n  gauge 
o f  d i f f e r e n t  gauge le n g th s . I t  was found th a t  specim ens o f  th e  same 
m a te r ia l  e x h ib ite d  s im i la r  s t r e s s - s t r a i n  b eh av io u r w ith  e i t h e r  method and 
t h i s  b eh av io u r was independent o f th e  gauge le n g th .
5*7 D en sity  Measurement
Specimens $0 x  50 mm square  were cu t from th e  com posite sh e e t and d r ie d  
a t  40°C f o r  24 h o u rs . The d ry  w eight was determ ined  and th e n  th e  specim ens 
were w a terp ro o fed  by ap p ly in g  a  th in  c o a tin g  o f  g re a se . T h e ir  volume was 
determ ined  by w eighing  in  w a te r . From th e se  m easurem ents th e  d e n s i ty  was 
c a lc u la te d .
An a l t e r n a t iv e  sim ple method o f c a lc u la t in g  th e  d e n s i ty  from  d i r e c t  m easure­
ments o f  le n g th , w id th  and th ic k n e ss  and th e  w eight o f th e  specim ens was 
a ls o  u sed . I t  was found th a t  b o th  methods gave s im i la r  d e n s i t i e s  maximum 
d if f e r e n c e s  b e in g  in  th e  range ± 1 . 5  p e r  c e n t. The s im p le r  method was 
adopted  f o r  ro u tin e  d e te rm in a tio n s , in"view  o f  th e  la rg e  number o f m easure­
m ents re q u ire d .
From th e  d e n s i ty  o f th e  com posite, th e  volume f r a c t io n  o f  th e  g la s s  and th e  
d e n s i t i e s  o f d ih y d ra te  gypsum and g l a s s - f i b r e ,  th e  p o r o s i t i e s  o f  th e  com­
p o s i te s  were c a lc u la te d .  A specimen c a lc u la t io n  f o r  p o r o s i ty  i s  g iven  in  
Appendix A.
5*8 E s tim a tio n  o f F ib re  Volume F ra c tio n  o f th e  Composite
As d e sc rib e d  e a r l i e r ,  th e  nom inal w eight f r a c t io n  o f  g la s s  f i b r e  in  any 
board  was c a lc u la te d  from th e  t o t a l  w eight o f m a te r ia ls  u sed  in  f a b r i c a t io n ,  
th e  demoulded w eight o f th e  board and th e  w a te r  e x tra c te d  d u rin g  s u c tio n  and 
p re s s in g . From t h i s  th e  g la s s  co n ten t by w eight o f  th e  bo ard  was d e te rm in ed . 
Subsequent measurements o f th e  w eigh ts  o f th e  d r ie d  bo ard  gave th e  g la s s  
co n ten t by w eight o f th e  d ry  b o a rd . From th e  d e n s i ty  o f th e  com posite and 
i t s  nom inal g la s s  c o n te n t, th e  g la s s  p e rcen tag e  by volume was d e te rm in ed .
The method o f c a lc u la t io n  i s  g iven  in  Appendix B.
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CHAPTER 6 -  RESULTS AND DISCUSSIONS
6.1 P re s e n ta t io n  o f R esu lts
As d e sc rib e d  in  C hapter 5 s ix  randomly s e le c te d  sam ples were t e s t e d  
f o r  th e  average s t r e n g th  o f th e  com posites ( f o r  any g iv en  com bination 
o f  p a ra m e te rs ) . In  th e  case o f com posites made by th e  prem ixing  
te ch n iq u es  th e re  was a  c o n s id e ra b le  s c a t t e r  in  r e s u l t s  i n  th e  s e t  o f 
s i x  sam ples. This was due to  th e  d i f f i c u l t y  in  m ixing and d is p e r s io n  
o f  th e  f ib r e s  r e s u l t in g  in  a  v a r ia t io n  in  g la s s  d i s t r i b u t i o n  in  th e  
com posite b o a rd s . The c o e f f ic ie n t  o f v a r ia t io n  f o r  th e  modulus o f 
ru p tu re  r e s u l t s  ranged from 20 to  25 p e r c e n t; whereas th e  im pact 
s t r e n g th  r e s u l t s  showed much h ig h e r  c o e f f ic ie n t  o f v a r ia t io n ,  i e  30 to  
40 Pe r  c e n t. The com posites made by th e  sp ray  su c tio n  te ch n iq u e  were 
more uniform  because o f th e  improved d is p e r s io n  o f f i b r e s  and b e t t e r  
c o n tro l on th e  f a b r ic a t io n  p rocedure. The c o e f f ic ie n t  o f  v a r ia t io n  f o r  
com posites made by t h i s  tech n iq u e  ranged between 10 and 15 p e r  cen t f o r  
f le x u r a l  and t e n s i l e  s tre n g th  and 15 and 20 p e r cen t f o r  im pact s t r e n g th .
With t h i s  ty p e  and range o f v a r ia t io n ,  i t  was decided  to  p re se n t r e s u l t s  
w herever p o s s ib le  w ith  90 Per  cen t confidence  l im i t s .  The confidence  
l im i t s  were c a lc u la te d  from th e  form ula
where t  = s tu d e n ts  »T*
0* r= s tan d a rd  d e v ia t io n  o r c o e f f ic ie n t  o f  v a r ia t io n  
n  number in  th e  sample
The r e s u l t s  were c lo s e ly  examined f o r  any sy s te m a tic  v a r i a t io n  in  th e  
c o e f f ic ie n t  o f  v a r ia t io n  which could  be se p a ra te d  and w herever t h i s  has 
o ccu rred , th e  in d iv id u a l v a r ia t io n  has been used  to  d e term in e  th e  co n fid en ce  
l im i t s .  In  a l l  o th e r  cases where th e  o v e ra l l  c o e f f ic ie n t  o f  v a r ia t io n  
o f a group o f r e s u l t s  d id  not show a sy s te m a tic  v a r ia t io n ,  th e  
c o e f f ic ie n t  o f  v a r ia t io n  has been pooled to  g iv e  a ro o t mean square  
v a lu e  and t h i s  va lu e  has been assumed to  be th e  pooled c o e f f ic ie n t  o f 
v a r ia t io n  f o r  th a t  group and th e  confidence  l im i t s  f o r  t h a t  group have 
been determ ined  u s in g  t h i s  v a lu e .
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6.2  Composites made by Premixing Technique
The p ro p e r t ie s  o f th e  com posites made by t h i s  te ch n iq u e  a re  g iven  in  
T ables 6.1 to  6 .3 . As m entioned in  S ec tio n  4*2, t h i s  f a b r ic a t io n  
te ch n iq u e  r e s u l te d  in  a non-uniform  d is p e r s io n  o f f i b r e  in  th e  
com posite due to  th e  m ixing procedure and th e  tendency o f  th e  f i b r e  to  
b a l l  up in  th e  mix. This was p r im a rily  due to  th e  ty p e  o f  fE* g la s s  
ro v in g  u sed . The ro v in g  c o n s is te d  o f s tra n d s  which were s iz e d  w ith  a  
w a te r so lu b le  em ulsion and d u rin g  m ixing th e  s tra n d  ten d ed  tow ards 
p a r t i a l  f i la m e n t is a t io n  th u s  in c re a s in g  th e  m ixing d i f f i c u l t i e s .  This 
cou ld  be avoided i f  a w ell bonded s tra n d  i s  used  which rem ains in te g r a l  
even d u rin g  th e  m ixing o p e ra tio n . These d i f f i c u l t i e s  r e s u l te d  in  th e  
h ig h  v a r ia t io n  in  th e  s t r e n g th  p ro p e r t ie s .
Prom th e  r e s u l t s  in  Table 6.1 i t  i s  q u ite  c le a r  th a t  w ith  th e  very  low 
w eight f r a c t io n  o f  3 p e r c e n t, th e re  i s  no s ig n i f ic a n t  improvement in  
th e  modulus o f  ru p tu re  over th a t  o f  u n re in fo rc e d  m a tr ix . T his improvement 
i s  a lso  seen  to  be independent o f th e  f ib r e  le n g th , th e  l e v e l  rem ain ing  
more o r  le s s  s im i la r  when th e  f i b r e  le n g th  i s  v a r ie d  from 11 mm to  
34 nim and shows a sm all re d u c tio n  in  th e  case  o f 43 mm f i b r e .  This i s  
due to  th e  f a c t  th a t  in  t h i s  ty p e  o f m ixing th e  a c tu a l  e f f e c t iv e  le n g th  
o f  f i b r e  i s  d i f f i c u l t  to  c o n tro l .  With s h o r te r  le n g th s  th e  tendency  o f  
bending  and c u r l in g  o f f ib r e  i s  le s s  bu t t h i s  tendency in c re a s e s  w ith  
th e  in c re a s in g  le n g th  and hence th e  o v e ra l l  e f f e c t iv e  le n g th  rem ains 
s im i la r  over th e  range o f le n g th s  u sed . For a  g iven  le n g th  and f ib r e  
co n ten t and, com paction p re s su re  does n o t seem to  a f f e c t  th e  s t r e n g th  ^
p r o p e r t ie s .  There i s  an in d ic a t io n  th a t  in  th e  case  o f  com posites 
c o n ta in in g  lo n g e r le n g th s , h ig h e r  com paction could  reduce  th e  s t r e n g th  
o f  th e  com posite by th e  g en era ted  f ib r e  damage caused by f i b r e  to  f i b r e  
c o n ta c t d u rin g  com paction.
The im pact s tr e n g th  on th e  o th e r  hand shows a dependency' on th e  f i b r e  
le n g th  and in c re a s e s  w ith  in c re a s in g  f ib r e  le n g th  up to  a  le n g th  o f 
34 mm "'but shows a s l ig h t  d ecrease  in  th e  case  o f com posites c o n ta in in g  
43 mm f i b r e .  The in c re a s e  in  im pact s tr e n g th  i s  c o n s is te n t  w ith  th e  
Cook- Gordon t h e o r y \  When th e  advancing c rack  t i p  approaches a  
f i b r e  i t  i s  o f te n  re d ir e c te d  along th e  f ib r e  ax is  and much o f  th e  s t r a i n  
energy i s  absorbed in  e l a s t i c  s t r e s s  in  t h i s  d i r e c t io n ,  and in  th e  
’p u l l  out* a f t e r  debonding, r e s u l t in g  in  h ig h e r work o f f r a c t u r e .  In  
th e  case o f com posites c o n ta in in g  43 mm f ib r e s  th e  tendency  o f  f ib r e s  
to  b a l l  reduces th e  le n g th  o f p u ll  out and hence th e re  i s  a  re d u c tio n
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i n  th e  im pact s t r e n g th .  In c re a se  in  th e  com paction p re s su re  d ec rea se s  
th e  im pact s tr e n g th  o f th e  com posites. This e f f e c t  i s  c o n s is te n t  w ith  
th e  th e o ry , s in c e  th e  in c re a s e  in  th e  s t r e n g th  o f th e  bond between 
f i b r e  and m a trix  a s s o c ia te d  w ith  an in c re a s e  in  th e  d e n s i ty  o f th e  l a t t e r  
shou ld  in c re a se  th e  p ro b a b i l i ty  o f f i b r e  f r a c tu r e  and reduce  p u ll  o u t.
Hence a marked re d u c tio n  in  th e  f r a c tu r e  toughness i s  to  be expec ted .
The d e n s ity  o f  th e  com posites was a lso  independent o f f i b r e  le n g th  bu t 
in c re a se d  w ith  in c re a s in g  com paction p re s su re . There was a s u b s ta n t ia l  
in c re a s e  in  th e  d e n s ity  when th e  com paction e f f o r t  was in c re a se d  from 
atm ospheric  to  0 .7  HN/m . F u r th e r  in c re a se  in  com paction r e s u l te d  in  
v e ry  l i t t l e  in c re a se  in  th e  d e n s ity  o f th e  com posites.
T able  6 .2  g iv es  th e  p ro p e r t ie s  o f th e  com posites c o n ta in in g  nom inal 
5 w eight percen tag e  o f f ib r e s  o f  v a rio u s  le n g th s  and compacted a t  fo u r  
d i f f e r e n t  p re s su re s . From th e  ta b le  i t  i s  c le a r  th a t  th e  tr e n d  observed  
in  th e  modulus o f ru p tu re  and im pact s tr e n g th  o f th e  com posites i s  
s im i la r  to  th a t  d e sc rib e d  f o r  th e  com posite c o n ta in in g  3 w eight p e r cen t 
f i b r e s .  There i s  a  s ig n i f ic a n t  improvement in  th e  p ro p e r t ie s  o f th e  
com posites as compared to  th a t  o f th e  u n re in fo rc e d  m a tr ix . At t h i s  
nom inal w eight f r a c t io n  o f 5 p e r cen t (3 .5  ~ 4 Pe r  cen t by volum e), 
th e  optimum in c re a se  in  th e  s tre n g th  expressed  as a m u lt ip le  o f m a tr ix  
s t r e n g th  was 2 to  2.5  tim es in  th e  case  o f f le x u r a l  s t r e n g th ,  10 ~ 15 
tim es in  th e  case o f im pact and 1.5  to  2 tim es in  th e  case  o f  t e n s i l e  
s t r e n g th .
F o r com posite boards hav ing  7 p e r  cen t g la s s ,  a  s l i g h t l y  m odified  method o f 
f a b r ic a t io n  was adopted , and a l im ite d  t e s t  programme was c a r r ie d  o u t.
The m odified  tech n iq u e  c o n s is te d  o f sp ray in g  th e  chopped f i b r e  and 
s lu r r y  in  a  p la s t i c  b in  and su bsequen tly  a g i ta t in g  th e  m ix tu re  by a  
wooden la d le .  This m ix tu re  was th e n  poured on to  th e  mould and compacted 
by th e  p rocedure d e sc rib e d  e a r l i e r .  The p ro p e r t ie s  o f  th e  com posites made 
by t h i s  tech n iq u e  and c o n ta in in g  7 p e r cen t by w eight o f g la s s  f ib r e s  
o f two nom inal le n g th s , i e  11 and 43 mm a re  g iven  in  T able  6 .3
I t  i s  seen  from th e  ta b le  o f r e s u l t s  th a t  th e  s t r e n g th s  ach ieved  a re  
h ig h e r  because o f h ig h e r  w eight f r a c t io n  o f g la s s ,  b u t due to  th e  la rg e  
amount o f g la s s ,  th e  v a r i a b i l i t y  a s s o c ia te d  w ith  t h i s  f a b r ic a t io n  
tech n iq u e  a lso  in c re a se d  co n s id e ra b ly . There was a  c o n s id e ra b le  improvement
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i n  th e  f le x u r a l  and im pact s tre n g th  o f th e  com posites c o n ta in in g  
43 mm f ib r e  compared to  11 mm f ib r e s ,  th e  maximum improvement b e in g  in  
th e  case  o f im pact s t r e n g th .  The optimum s tre n g th s  ach iev ed  expressed  
as m u ltip le s  o f u n re in fo rce d  p la s t e r  were 3 - 4  tim es in  th e  case  o f 
f le x u r a l  s t r e n g th  and 20 -  25 tim es in  th e  case  o f im pact s t r e n g th .
As th e re  was a  c o n s id e ra b le  v a r ia t io n  in  th e  d i s t r i b u t io n  o f g la s s  in  
th e  com posites r e s u l t in g  in  a la rg e  s c a t t e r  in  th e  s t r e n g th  r e s u l t s ,  
no f u r th e r  t e s t s  could  be conducted s a t i s f a c t o r i l y  f o r  e s ta b l i s h in g  
th e  s t r e s s - s t r a i n  behav iou r o f such a board . As i t  was a lso  d i f f i c u l t  
to  e s tim a te  th e  e f f e c t iv e  f i b r e  le n g th  in  th e  com posites, due to  th e  
b a l l in g  up o f  f ib r e s ,  t h e o r e t ic a l  e s tim a tio n  o f th e  t e n s i l e  s t re n g th s  
based  on th e  m ix tu re  law was m ean ing less.
Based on th e  r e s u l t s  o f th e  e x e rc is e  on th e  com posites made by th e  
prem ixing te ch n iq u e , i t  became q u i te  c le a r  t h a t  t h i s  te c h n iq u e  o f 
f a b r ic a t io n  could  only  be adopted f o r  com posites c o n ta in in g  low w eight 
f r a c t io n s  and s h o r te r  le n g th s . Even w ith  th e se  r e s e r v a t io n s ,  th e  
r e s u l t in g  m a te r ia l  showed c o n sid e ra b le  v a r ia t io n  in  p r o p e r t ie s .  There 
was c o n s id e ra b le  scope f o r  reduc ing  t h i s  v a r i a b i l i t y  by th e  u se  o f 
s u i t a b le  forms o f g la s s ,  v a rio u s  a d d itiv e s  to  f a c i l i t a t e  m ixing and 
m odified  m ixing te c h n iq u e s . This s tudy  in  i t s e l f  can be q u i te  e x te n s iv e  
and was beyond th e  scope o f t h i s  p r o je c t .  Moreover t h i s  ty p e  o f 
f a b r ic a t io n  tech n iq u e  a lso  r e s u l t s  in  a f i b r e  o r ie n ta t io n  o f random 
3 d im ensional n a tu re  in  th e  mix, g iv in g  th e  low est e f f ic ie n c y  o f  f i b r e  
re in fo rcem en t and hence low s tr e n g th s .  As such t h i s  te ch n iq u e  o f 
f a b r ic a t io n  can only be u s e fu l  in  th e  a reas  o f  p ro d u c ts  r e q u ir in g  very  
s ig n i f ic a n t  improvement in  f r a c tu r e  toughness and m oderate improvement 
in  o th e r  ty p es  o f s t r e n g th s .  This ty p e  o f tech n iq u e  can be a p p lie d  
i n  a re a s  where th e  p roduct form ing tech n iq u es  a re  based  on e x tru s io n  
o r  in j e c t io n  moulding p r in c ip le s  w ith  th e  accep tance  o f  l im i t a t i o n s  o f 
th e  s t re n g th s  th a t  can be achieved  and v a r i a b i l i t y  t h a t  can be a cc e p ted .
71
TABLE 6.1 -  P rop erties o f g la ss  f ib r e  rein forced  gypsum p la s te r
composites made By premixing technique
F ib re
le n g th
in
mm
F ib re  
co n ten t 
by wt ‘fo
Compaction
p re ssu re
MR/m^
Modulus
o f
R upture
m /m 2
Impact
S tre n g th
Nmra/mm^
D ensity  
g /  cm3
11 3 .0 Atmospheric
0 .7
2.1
4 .8
13.6
13.0
14.1
14.9
6 .3  
4 .2
4 .4
4 .4
1.56 
1 .74  
1.83 
1 .90
22 3 .0 Atmospheric
0 .7
2.1
4 .8
12.8
12.7  
13.2
13.8
7 .9
4 .4
5*4
6 .2
1.60  
1.71 
1 .7 7  
1.89
34 3 .0 Atmospheric
0 .7
2.1
4 .8
14.1 
14 .0
11.2  
12.4
11.6
5 .4  
6 .0
4 .4
1.58
1.71
1.79
1.85
43 3 .0 Atmospheric
0 .7
2.1
4*8
10.3
13.3 
12.7  
12.6
5.1
6 .0
6 .5
6 .5
1.53
1.69
1.76
1.88
72
TABLE 6 .2  -  P rop erties of g la s s  f ib re  rein forced  gypsum com posites
made by premixing technique
F ib re
le n g th
mm
F ib re  
co n ten t 
by wt $
Compaction
p re s su re
M$/m2
modulus
of
Rupture
MN/m2
T en s ile
s tr e n g th
M /m2
Im pact
s t r e n g th
Fmm/mm2
D ensity
g/cm3
11 5 .0 A tm ospheric 22.2 8 .6 16.1 1.59
0 .7 24.8 7 .8 11.4 1 .73
2.1 22.5 6.2 11.6 1.80
4 .8 24.1 8 .6 8 .6 1.86
22 5 .0 Atm ospheric 19.4 6 .4 21.2 1.50
0 .7 19.3 7 .2 16.3 1.63
2.1 22.5 8 .2 18.7 1.73
4 .8 22.6 7-7 16 .5 1.78
34 5 .0 Atm ospheric 23.6 7 .3 21 .8 1.56
0 .7 24.6 9.1 17 .0 1.73
2.1 25.3 9 .0 16.1 1.83
, 4 .8 29.3 11.9 18 .4 1.89
43 5 .0 Atm ospheric 20.6 7 .0 20.8 1 .54
0 .7 20.5 9 .6 17.9 1.66
2.1 21.2 7 .2 16.3 1.75
4 .8 19.8 8 .5 15.4 1.82
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TABLE 6 .3  P rop erties o f  g la s s  f ib r e  rein forced  gypsum p la s te r  com posites
made By premixing technique
F ib re
le n g th
mm
11
F ib re  
co n ten t 
By wt
i
Compaction
p re s su re
M /m 2
A tm ospheric
0 .7
2 . 1
4 .8
Modulus
o f
R upture
M /m 2
17.1
17.3 
21.8
22.4
T e n s ile
s tre n g th
M /i
6.2
6.8
7.5
7 .6
m
Im pact
s t r e n g th
Dmm/imm
15.4
16 .2
17.2
15.8
43 A tm ospheric 29 .1
0 .7  31.2
2.1 33 .0
4 .8  34.6
10.5
15.1
10.2 
14.1
34.5
27.6  
2 5 .4  
23.2
D e n sity
g/cm3
1.60  
1 .74  
1.82 
1.86
1.53
1.65
1 .70
1.81
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• 3 Composites made by Spray Technique
The p ro p e r t ie s  o f th e  com posites made by th e  sp ray  te ch n iq u e  a re  g iv en  
.in 'T a b le s  , 6«4' t o 6.7  and F igs 6,1 to  6 .2 0 . This f a b r i c a t io n  te ch n iq u e , 
a s  m entioned i n  S e c tio n  4*2, produced com posites which had h ig h e r  
s t r e n g th  le v e ls  a s  compared to  th a t  o f th e  com posites made by th e  p re ­
m ixing te ch n iq u e . This i s  due to  th e  two d im ensional f i b r e  o r ie n ta t io n  
ach iev ed  by t h i s  te ch n iq u e . A part from th e  m inor v a r i a t i o n  i n  d i s t r i b u t io n  
o f g la s s  over th e  a re a  o f  th e  b o ard , th e  ro v in g , when chopped and sp rayed  
on to  th e  mould, produced a  com posite where th e  chopped s tra n d s  rem ained 
more o r  le s s  in  an  i n t e g r a l  form and hence th e re  was no tendency  f o r  
th e  f ib r e s  to  c u r l  o r b a l l  up . I t  was th e re fo re  s a f e r  to  assume th a t  th e  
e f f e c t iv e  le n g th  o f th e  f ib r e  was th e  same a s  t h a t  a c tu a l ly  u sed  in  th e  
f a b r ic a t io n .  This assum ption  was used  in  th e  t h e o r e t i c a l  e s tim a tio n  o f 
th e  s t r e n g th  p ro p e r t ie s  based  on th e  m ixture laws d e sc r ib e d  i n  C hapter 2. 
The s t r e n g th  p ro p e r t ie s  o f th e  com posites and th e  e f f e c t  o f v a r io u s  
pa ram ete rs  under in v e s t ig a t io n  on th e se  p ro p e r t ie s  a re  d is c u s se d  below:
6 .3 .1  F le x u ra l S tren g th :
The r e l a t io n s  between f le x u r a l  s tr e n g th  and f ib r e  volume f r a c t io n  f o r  
com posites c o n ta in in g  f ib r e s  o f v a r io u s  le n g th s  and made u n d er d i f f e r e n t  
com paction p re s su re s  a re  g iven  in  F igs 6.1 to  6 , 4 .
From th e  F igure  6.1 i t  i s  seen  th a t  th e  f le x u r a l  s t r e n g th  o f  th e  com posites 
in c re a s e d  w ith  in c re a s in g  f ib r e  co n ten t up to  a  volume f r a c t i o n  o f 5 ^0 
8 p e r  cen t and beyond t h i s  volume f r a c t io n  th e re  was a  d ecrease  in  
s t r e n g th .  T his decrease  was m ainly due to  th e  p o ro s i ty  in tro d u c e d  in  
th e  com posite by f i b r e - f i b r e  c o n ta c t. The amount o f  f i b r e  t h a t  can 
be e f f i c i e n t l y  in c o rp o ra te d  w ithou t in tro d u c in g  la rg e  p o ro s i ty  and 
hence d e te r io r a t io n  o f s t r e n g th  depended very  much on th e  f ib r e  le n g th  
and com paction e f f o r t .  This was h ig h e r  in  th e  case o f s h o r te r  f i b r e s ,  
ie  11 mm f ib r e  as  compared to  lo n g e r f i b r e s ,  i e  43 mm f i b r e s .  This i s  
e x p la in ed  by th e  f a c t  t h a t  a t  h igh  volume f r a c t io n  th e re  i s  a  h ig h e r  
p ro b a b i l i ty  o f f ib r e - f ib r e  co n tac t in  case o f lo n g e r f i b r e s .  The in c re a s e  
in  th e  com paction p re s su re  improved t h i s  optimum amount o f  f ib r e  a d d i t io n  
s ig n i f i c a n t ly  in  th e  case o f lo n g e r f ib r e s  a s  compared to  t h a t  o f s h o r te r  
f i b r e s .
The f le x u r a l  s tr e n g th  a ls o  in c re a se d  w ith  in c re a s in g  f i b r e  le n g th  fo r  
th e  same com paction p re ssu re  due to  improvement in  th e  le n g th  e f f ic ie n c y  
o f  s h o r t f i b r e s .  The in c re a se  in  th e  s tre n g th  w ith  in c re a s in g  le n g th  i s  
more s ig n i f ic a n t  in  com posites made by s u c tio n  on ly , th a n  in  th o se  made 
w ith  h ig h e r com paction. In  com posites made by s u c tio n  on ly  th e  f i b r e -  
mat r i x  bond i s  p oo r, r e s u l t in g  in  a  long c r i t i c a l  le n g th  req u irem en t o f 
th e  f i b r e . At h ig h e r com paction, the  bond i s  b e t t e r  because o f in c re a se d  
d e n s ity . In  t h i s  case th e  c r i t i c a l  le n g th  requ irem ent i s  more o r  le s s  
ach iev ed  even in  th e  case o f s h o r te r  f ib r e s  and any f u r th e r  in c re a s e  
i n  th e  le n g th  o f th e  f ib r e  does no t in c re a se  th e  s t r e n g th  o f th e  com posite 
s ig n i f i c a n t ly .  Compaction a lso  improves the  f le x u r a l  s t r e n g th  o f the  
com posite f o r  a  g iven  f ib r e  le n g th  and c o n te n t. This improvement in  th e  
s t r e n g th  i s  p a r t ly  due to  an in d i r e c t  in c re a se  in  th e  volume f r a c t io n  o f 
th e  f ib r e  due to  reduced  p o ro s ity  and p a r t ly  due to  th e  improvement in  
th e  bond betw een m a tr ix  and the  f ib r e  th u s  a llo w in g  f ib r e s  to  develop 
h ig h e r  s t r e s s  a t  f r a c tu r e  or p u l l  o u t. This in c re a se  in  th e  s t r e n g th  i s  
h ig h e r  in  th e  case o f s h o r te r  f ib r e s  a s  compared to  lo n g e r f i b r e s  due 
to  th e  im portance o f th e  c r i t i c a l  le n g th  requ irem en t f o r  s h o r t  f i b r e s  
in  th e  case of com posites c o n ta in in g  d isco n tin u o u s  f i b r e s .
I n  th e  com paction p re ssu re  range in v e s t ig a te d  m oderate in c re a s e  in  th e
s tre n g th  w ith  p re ssu re  was n o ted ; a  m ajor p ro p o r tio n  o f t h i s  in c re a se
was ach iev ed  w ith  in c re a s in g  th e  p re ssu re  from s u c tio n  on ly  to  0 .7  MN/m2 ;
a  f u r th e r  in c re a se  o f com paction p re ssu re  to  5«0 MN/m2 r e s u l t e d  i n  vepy
l i t t l e  improvement i n  th e  s t r e n g th .  I n  th e  case of com posites c o n ta in in g
h ig h e r  volume f r a c t io n  and lo n g er len g th s  h ig h e r com paction r e s u l te d  in
th e  re d u c tio n  o f th e  s t r e n g th  due to  f ib r e  damage d u rin g  p re s s in g .
S im ila r  damaging e f f e c t  of com paction p re s su re  has been re p o r te d  by 
( 611T inkalpaugh ' du rin g  th e  hot p re s s in g  o f com posites c o n ta in in g  ceram ic 
f ib r e s  and ceram ic m a tr ic e s .
In  th e  case o f f le x u r a l  s tre n g th  th e  le v e l  o f th e  volume f r a c t io n  th a t
can be e f f i c i e n t l y  in c o rp o ra te d  w ithou t d e te r io r a t io n  o f  th e  s t r e n g th
o f th e  com posite due to  th e  p o ro s ity  e f f e c t  seems to  be v e ry  c r i t i c a l .
This i s  due to  th e  most severe  e f f e c t  o f p o ro s ity  on th e  com pressive
(A6)s t r e n g th  of gypsum p la s t e r  as  shown by S c h i l l e r '  . At h igh  volume 
f r a c t io n  and hence a t  h ig h  p o ro s ity  th e  f a i l u r e  o f th e  com posite s t a r t s  
th e  fo rm atio n  o f c rack s  a t  the  t e n s i l e  face  o f the  bend specim en and 
th e se  cracks p ropagate  d u rin g  the  lo ad in g  p ro cess  tow ards th e  com pression 
face  o f  th e  specimen causing  de lam in a tio n  o f th e  com posite in  sh e a r  and 
th e  specimen f a i l s  e v e n tu a lly  in  com pression a t  the  to p  s u r fa c e .
At a  volume f r a c t io n  o f 5 p e r  cen t th e  optimum f le x u r a l  s t r e n g th  o f th e  
com posite was 3 -4  tim es th a t  o f th e  u n re in fo rc e d  m a tr ix  f o r  th e  f ib r e  
le n g th s  and th e  com paction p re s su re  in v e s t ig a te d .
6 .3 .2  T en s ile  S tren g th :
F ig s  6 .5  to  6 .8  re p re se n t th e  r e l a t io n s  "between th e  t e n s i l e  s t r e n g th  o f 
th e  com posites and f ib r e  volume f r a c t io n  f o r  v a r io u s  le n g th s  and compac­
t i o n  p re s su re s  in v e s t ig a te d .
The t e n s i l e  s t r e n g th  in c re a se d  w ith  in c re a s in g  volume f r a c t i o n .  The 
le v e l  o f in c re a se  was h ig h e r  in  th e  case o f com posites c o n ta in in g  43 mm 
long  f ib r e s  a s  compared to  th a t  c o n ta in in g  11 mm long  f i b r e s ,  due m ainly 
to  th e  in c re a se d  le n g th  e f f ic ie n c y  f a c to ry .  This e f f e c t  m s  very  
s ig n i f i c a n t  in  th e  case o f  com posites made by su c tio n  on ly  due to  th e  
same reaso n s g iven  e a r l i e r .  Beyond th e  volume f r a c t io n  o f  5-6 Pe r  cen t 
in s te a d  o f  showing a  l in e a r  in c re a se  w ith  in c re a s in g  f i b r e  co n ten t th e  
t e n s i l e  s t r e n g th  o f th e  com posite tended  to  le v e l  ou t o r  d e c re a se .
T his wa's perhaps due .to  in c re a s e  in  th e  p o ro s ity  of th e  com posite. For 
a  g iven  le n g th  o f f i b r e ,  t h i s  in c re a se d  p o ro s i ty  reduced  th e  le n g th  
e f f ic ie n c y  f a c to r  c o n sid e rab ly  due to  lower f ib r e  m a trix  i n t e r f a c i a l  
bond and hence reduced  th e  le v e l  o f s t r e s s  t h a t  cou ld  be developed  in  
th e  f i b r e  b e fo re  p u l l  o u t. F u r th e r  in c re a se  in  th e  f i b r e  volume 
f r a c t io n  d id  not show a ry  s ig n i f ic a n t  improvement in  th e  u l t im a te  s t r e n g th  
o f th e  com posite. A d e ta i le d  a n a ly s is  o f th e  t h e o r e t i c a l  e s t im a tio n  o f 
th e  t e n s i l e  s t r e n g th  b ased  on the  m ixture law w i l l  be d e sc r ib e d  i n  a  
l a t e r  s e c t io n .
The t e n s i l e  s tre n g th s  ach iev ed  a t  th e  volume f r a c t io n  o f  J-S  p e r  cen t 
were 4 -5  tim es th a t  o f th e  u n re in fo rc e d  m a trix  i n  th e  case  o f com posites 
c o n ta in in g  43 mm f ib r e s  and 2-3 tim es in  th e  case  o f th e  com posites 
c o n ta in in g  11 mm f i b r e s .  The f a i l u r e  o f th e  com posite was m ainly due to  
f i b r e  p u l l  ou t showing f ib ro u s  f r a c tu r e  in  th e  case o f com posites hav ing  
g r e a te r  th an  3 to  4 P e r cen t by volume o f f i b r e .  At low volume f r a c t io n  
o f 2 to  3 p e r  c e n t, th e  f r a c tu r e  was b r i t t l e  showing v e ry  l i t t l e  f ib r e  
p u l l  o u t.
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6 .3 .3  Compressive S tre n g th :
The r e l a t i o n  between f ib r e  co n ten t and com pressive s t r e n g th  f o r  com posites 
made by th e  sp ray  techn ique  and compacted by s u c tio n  a t  5*0 MB'/m2 
p re s su re  a re  g iv en  in  P ig  6 .9  and P ig  6 .10  r e s p e c t iv e ly .  I t  i s  v e iy  
d i f f i c u l t  to  conduct a  com pression t e s t  on a  th in  sh e e t m a te r ia l  l ik e  
GRG made by t h i s  te ch n iq u e . There was c o n sid e rab le  v a r i a t io n  i n  th e  
s t r e n g th  r e s u l t s .  In  th e  case o f com posites made by s u c tio n  on ly  th e  
com pressive s t r e n g th  rem ained s ta b le  up to  a  volume f r a c t io n  o f 5 Pe i* cen t 
and d ecreased  co n sid e rab ly  beyond t h i s  volume f r a c t io n .  This b eh av io u r 
i s  e x a c tly  s im ila r  to  th a t  observed in  th e  case of th e  d e n s i ty - f ib r e  
co n ten t r e la t io n s  which w i l l  be d isc u sse d  l a t e r .  This confirm s th a t  th e  
com pressive s tr e n g th  depends m ainly on th e  d e n s ity  o f th e  com posites. So 
lo n g  a s  th e  d e n s ity  o f th e  composite was no t s ig n i f i c a n t ly  a f f e c te d ,  th e  
com pressive s t r e n g th  showed no s ig n i f ic a n t  d if fe re n c e  from  th a t  o f th e  
p la in  u n re in fo rc e d  gypsum p la s t e r  o f th e  same d e n s ity .  Any s ig n i f ic a n t  
r e d u c tio n  in  th e  d e n s ity  reduced  th e  com pressive s t r e n g th  s ig n i f i c a n t ly .
I n  th e  case of com posites made by com paction a t  5*0 MB'/m2 a  s im i la r  t r e n d  
was observed . The com pressive s t r e n g th  and th e  d e n s ity  rem ained s ta b le  
up to  a  h ig h e r volume f r a c t io n  o f 7 p e r  cen t a s  compared to  th a t  o f 
5 p e r  cen t f o r  com posites made by su c tio n  o n ly . This was due to  in c re a se d  
com paction. Beyond t h i s  volume f r a c t io n  th e  com pressive s t r e n g th  d ecreased  
s ig n i f i c a n t ly .  I t  i s  in t e r e s t in g  to  n o te  th a t  a t  th e  h ig h  volume f r a c t io n  
o f  9-10 p e r  cen t th e  com pressive s t r e n g th  drops to  a  le v e l  o f 15-20 LOl/m2 
which i s  more o r le s s  o f th e  same o rd e r a s  t h a t  o f th e  t e n s i l e  s t r e n g th  
a t  th e  same volume f r a c t io n .  The type of f r a c tu r e  i n  th e  case  o f  
com pression f a i l u r e  was q u ite  v a r ia b le  and depended upon th e  f ib r e  
c o n te n t. At low volume f r a c t io n  th e  f a i l u r e  was b r i t t l e  and f a i l u r e  
o ccu rred  by sh ea r where a s  f o r  h ig h ly  porous com posites a t  h ig h  volume 
f r a c t io n  th e  f a i l u r e  was qu asi p l a s t i c  and th e  a c tu a l  f a i l u r e  o ccu rred  
by d e lam in atio n  o f th e  com posite and s p l i t t i n g  o f the  la m in a te .
6 . 3 .4  Impact S tren g th :
The r e la t io n s  betw een im pact s tr e n g th  and f ib r e  co n ten t a re  g iv en  i n  
P ig s  6.11 to  6 . 14. A d d itio n  o f g la s s  f ib r e s  produced la rg e  improvement 
i n  th e  f r a c tu r e  toughness o f th e  gypsum p l a s t e r .  Prom a  p u re ly  b r i t t l e  
beh av io u r in  th e  case o f  u n re in fo rc e d  p l a s t e r ,  the  f i b r e  re in fo rc e d  
gypsum com posites showed a  d u c t i le  b eh av io u r under im pact w ith  f ib ro u s
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f r a c tu r e  and h ig h  im pact s t r e n g th .  3%r f a r  th e  la r g e s t  in c re a s e  in  th e  
im pact s t r e n g th  was i n  th e  case o f com posites made by s u c t io n  on ly .
As m entioned e a r l i e r  t h i s  type o f f a b r ic a t io n  techn ique  r e s u l t e d  i n  a 
la rg e  in c re a s e  in  th e  p o ro s i ty  o f th e  com posite a t  h igh  volume f r a c t io n .  
This in c re a se d  p o ro s ity  reduced  th e  m a trix  f ib r e  bond and hence 
in c re a s e d  th e  p ro b a b i l i ty  o f f ib r e  debonding and subsequent p u l l  o u t, 
th u s  e x h ib i t in g  a  h ig h  f r a c tu re  toughness o r im pact s t r e n g th .
Compaction a t  h ig h e r  p re s su re  in c re a se d  th e  d e n s ity  o f  th e  com posite and 
improved th e  f ib r e - m a tr ix  i n t e r f a c i a l  bond r e s u l t in g  i n  a  system  where 
th e  advancing  c rack  in  th e  m a tr ix  upon re a ch in g  a f ib r e  te n d ed  to  
f r a c tu r e  th e  f ib r e  r a th e r  th an  p ropagate  a lo n g  th e  in te r f a c e  th u s  re d u c in g  
th e  p ro b a b i l i ty  o f debonding *fce p u l l  o u t. This r e s u l te d  i n  a  reduced  
work o f  p u l l  out and reduced  im pact s t r e n g th .  I t  i s  w orth  n o tin g  th a t  
t h i s  i s  a  p a ra d o x ic a l s i tu a t io n ,  in  th a t  the  p o ro s ity  on th e  one hand 
in c re a s e d  th e  im pact s tr e n g th  whereas on th e  o th e r  i t  red u ced  th e  - 
o th e r  s t r e n g th  p ro p e r t ie s  co n s id e ra b ly . I t  i s  t ru e  th a t  a l l  s tro n g  
m a te r ia ls  a re  b r i t t l e  u n t i l  and u n le s s  th e re  i s  an  i n b u i l t  energy , 
ab so rb in g  mechanism in  them. In  th e  case o f GRG system s a  compromise 
has to  be ach ieved  betw een a l l  th e  s t r e n g th  p ro p e r t ie s  r e q u ire d  f o r  any 
s p e c i f ic  a p p l ic a t io n  and th e  v a rio u s  param eters l ik e  f a b r i c a t i o n ,  f ib r e  
c o n te n t , le n g th , e tc ,  g iv e  a  w ider choice of c o n tr o l l in g  and a r r iv in g  
a t  t h i s  compromise.
For a  g iven  f ib r e  co n ten t and com paction p re s su re  th e  im pact s t r e n g th  
in c re a se d  w ith  in c re a s in g  f ib r e  le n g th . By u s in g  lo n g e r le n g th s ,  th e  
amount o f work d u rin g  p u l l  out o f th e  f ib r e  i s  in c re a se d  r e s u l t i n g  in  
h ig h  im pact s t r e n g th .  I n  com parison to  th e  improvements i n  th e  o th e r  
s t r e n g th  p ro p e r t ie s  d iscu ssed  above th e  im pact s tre n g th  showed th e  
l a r g e s t  improvement. At 7-8 p e r  cen t volume f r a c t io n  o f th e  f i b r e  th e  
improved im pact s tr e n g th  expressed  a s  a  m u ltip le  of th e  im pact s t r e n g th  
of u n re in fo rc e d  p l a s t e r  was 25-30 tim es f o r  com posite c o n ta in in g  43 mm 
long  f i b r e s ,  15-20 tim es f o r  com posites made w ith  22 mm lo n g  f ib r e s  and 
10-12 tim es  f o r  com posites f a b r ic a te d  w ith  11 mm long  f i b r e s .
6 .3 .5  D en sity :
F ig s  6 .15  to  6 .17  g ive  th e  r l e a t i o n  between d e n s ity  o f  th e  com posite and 
f i b r e  co n ten t f o r  th e  range of pa ram ete rs  under in v e s t ig a t io n .  I t  i s  
q u ite  ev id en t from th e  f ig u re s  th a t  th e  d e n s ity  o f th e  com posite  rem ained
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s ta b le  of* in c re a se d  s l i g h t l y  w ith  in c re a s in g  f ib r e  co n ten t up to  a  volume 
f r a c t io n  o f about 5 P®*1 c e n t. T h is i s  due to  g la s s  f i b r e s  hav ing  a h ig h e r  
d e n s i ty  o f 2.54  g/cm3 a s  compared to  th a t  o f 2 .3  g/cm3 o f s e t  p l a s t e r  o f 
P a r is  o f w a te r :p la s te r  r a t i o  o f  0:3* For f ib r e  c o n te n ts  h ig h e r  th a n  5 p e r  
c en t by volume, th e  f i b r e - f i b r e  in te r a c t io n  in c re a se d  th e  p o ro s i ty  and th e  
d e n s i ty  o f  th e  com posites was reduced  s ig n i f i c a n t ly .  F o r th e  same f ib r e  
le n g th  and f ib r e  c o n te n t, th e  in c re a se  in  com paction e f f o r t  in c re a se d  th e  
d e n s i ty  s ig n i f i c a n t ly .
At v e ry  h ig h  volume f r a c t io n  o f  about 9 — 10 p e r  cen t th e  f i b r e - f i b r e  c o n ta c t 
became so predom inant th a t  d u rin g  f a b r ic a t io n  th e  m a te r ia l  e x h ib ite d  a  spongy, 
sp rin g y  appearance and com paction a t  h ig h  p re s su re s  d u rin g  f a b r ic a t io n  on ly  
r e s u l te d  in  an e l a s t i c  d efo rm ation  o f th e  mass o f m a te r ia l  which re tu rn e d  to  
i t s  o r ig in a l  form a f t e r  removal o f th e  p re s su re  off le a v in g  a  l o t  o f v o id s  
and p o res  in  th e  m a te r ia l .
6 .3*6 P o ro s ity
The r e l a t io n s  between c a lc u la te d  p o ro s i ty  o f th e  com posites and f i b r e  volume 
f r a c t io n  a re  shown in  F ig  6.18 to  6 .2 0 . The d e n s i ty  and p o ro s i ty  o f th e  
m a te r ia l  a re  in v e rs e ly  r e la te d  and th e  f ig u r e s  shovr b eh av io u r e x a c t ly  o p p o s ite  
to  t h a t  o f th e  d e n s i ty  r e la t io n s h ip s .  The p o ro s i ty  rem ained more o r  l e s s  
th e  same up to  5 p e r  cen t f i b r e  a d d itio n  and ro se  r a p id ly  beyond t h i s  volume 
f r a c t io n .
As th e  s tre n g th  p ro p e r t ie s  o f th e  com posite a re  dependent to  a  la rg e  e x te n t  
on th e  p o ro s ity , i t  seems th a t  th e  upper l im i t  o f th e  volume f r a c t io n  th a t  can 
be e f f e c t iv e ly  in c o rp o ra te d  in  t h i s  type  o f  p a r t i c u la te  c r y s t a l l i n e  m a tr ix  
i s  about 6 p e r  cen t by volume. Though t h i s  forms th e  up p er l im i t  f o r  th e  
t e n s i l e ,  f le x u r a l  and com pressive s tre n g th  p r o p e r t ie s ,  i t  does n o t r e s t r i c t  
th e  use o f  h ig h  f ib r e  co n ten t f o r  improvement o f  im pact s t r e n g th .
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TABLE 6*4 P ro p e rtie s  of GRG composites made By spray su c tio n  techn ique:
no compaction p ressure
Compaction F ib re
P ih re
co n ten t F le x u ra l
p re s su re le n g th s tre n g th
M /m 2 mm
volume
1 ° M /m 2
0 11 1 .94 13.6
n 4 *66 27 .6
it 6 .5 0 30 .0
it 8 .5 4 24 .2
22 2 .57 2 2 .8
it 4 .3 9 32 .8
it 6 .9 0 33.1
. n 8 .45 2 0 .7
43 2 .4 0 2 2 .4
it 4 .3 3 31 .6
it 5 .9 4 29 .6
ii 7 .8 0 22 .5
T e n s ile  Im pact _ . .  . .4. x v-u D e n s ity  P o r o s i tys tre n g th  s tr e n g th  ° a
m / m 2 Dmm/mm2 g/cm3 1°
5 . 0 7 .6 1.642 28.81
11 .6 2 0 .9 1.662 2 8 .23
13.2 2 0 . 4 1 .624 30 .10
12.0 23 .2 1 .469 3 7 .10
9.1 14.2 1.732 2 4 .9 0
15 .0 26 .2 1 .756 2 8 .3 0
18.6 2 8 . 4 1 .736 2 8 .7 0
14.2 37 .0 1 .486 36 .30
8 .7 13.5 1.662 2 8 .0 0
17 .5 28 .6 1 .655 2 8 .5 0
19.6 4 0 . 8 1.591 31 .44
18.2 57 .2 1 .343 42 .42
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TABLE 6 .5  P rop erties  o f GRG com posites made "by spray technique:
compacted at 0 .7  M /m 2 pressure
Compaction F ib re
F ib re
co n ten t F le x u ra l T e n s ile Im pact D e n sityp re s su re le n g th V s tre n g th s tre n g th s tre n g th
M /m 2 mm
volume
1o M /m 2 M /m 2 Nmm/mm2 g / cm;
0 .7 11 2 .00 18.7 6 .0 7 .8 . 1.759
tt 5 .00 32 .4 14.1 18 .4 I .772
tt 6 .80 35.9 15.2 2 0 .4 1.743
tf 10.25 34.0 15.9 22.8 1.595
22 2.50 25.2 9*6 12.9 1.756
it 4 .83 35.0 17.4 20 .7 1.762
it 7.00 35.2 18.9 24.8 1.745
tt 10.00 26.5 16.8 27 .3 1.573
43 2.40 27.1 10.1 9 .8 1.748
it 4 .9 0 36.6 20.4 24.8 1.816
tt 7 .10 38.8 22.5 33.7 1.725
tt 8 .70 30.2 24 .8 53 .8 1.544
P o ro s i ty
1o
23e7
23.5  
25 .0
31.7
23.8 
23 .9
24.6  
32.6
24 .8
23 .9  
26.6
33.9
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TABLE 6 .6  P rop erties o f GRG com posites made "by spray technique:
compacted a t 2.1 M /m2 pressure
P ih re
Compaction F ib re  co n ten t F le x u ra l T e n s ile  Im pact _ . .
p re s su re  le n g th  by s tr e n g th  s t r e n g th  s t r e n g th
volume
mm fo M /m 2 M /m 2 Nmm/mm2 g/cm3
11 2 .2 18.1 6 .9 7 . 4 1.849
tt 5 . 3 34 .4 13 .4 17 .2 1.812
tt 7.1 35 .2 15.1 1 9 .8 1 .818
tt 10 .0 32 .8 16 .8 2 7 .8 1.655
22 2 . 6 27 .2 10.7 1 2 .4 1.812
tt 5 . 3 38 .0 18 .0 17 .3 1 .830
tt 7.1 36 .6 18.5 24 .7 1 .809
tt 9 . 8 2 6 . 6 16.1 31 .2 1 .619
43 2 .5 25.2 9 .7 11.5 1.807
« 5 . 0 38 .6 20.1 2 2 .6 1.819
tt 7 . 3 38 .0 2 2 .0 2 8 .8 1 .725
tt 9 .5 34 .8 24 .7 4 8 . 8 1.662
P o r o s i ty
$
19 .8
2 1 . 8  
2 1 .7
31.1
21.4
20.9
2 1 .9  
30.6
21.2  
2G.8 
2 2 . 3
2 9 .9
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TABLE? 6 .7  P rop erties o f GRG com posites made By spray technique:
compacted a t 5*0 MU/m2 pressure
F ib re
Compaction F ib re  co n ten t F le x u ra l T e n s ile  Im pact . .  '
p re s su re  le n g th  hy s t r e n g th  s t r e n g th  s t r e n g th  D en sity  P o r o s i ty
volume
MN/m2 mm $  MN/m2 MN/m2 Nmra/mm2 g/cm3 $
11 2 .25 16.9 7.1 5 . 9 1 .836 2 0 . 4
If 5 .3 0 35.2 15 .4 17 .7 1 .888 19.1
If 7 .3 0 38.2 16 .2 2 1 . 0 1 .846 19 .0
It 10 .60 33 .0 15 .7 2 4 . 8 1 .698 2 7 . 3
22 2 . 6 0 24 .6 9 . 9 11.7 1.847 19 .9
it 5 . 3 0 4 1 . 0 17 .8 19 .0 1 .890 1 8 .4
ii 7 .4 0 37 .0 19 .4 2 4 .7 1.886 19.1
if 10.00 26 .7 14 .4 31 .0 1.631 3 0 .0
43 2 .45 24 .8 8 .2 11 .5 1 .854 19 .60
ii 5 . 1 0 36.7 18 .3 2 1 .6 1 .898 18 .10
tf 7 .7 0 38 .6 2 1 . 4 2 6 . 6 1.862 19 .90
ir 9*60 32.2 2 2 .7 4 7 . 8 1 .690 2 7 .5 0
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Fibre volume f r a c t i o n  * p e r c e n t
F ig u re  6. 9
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6*4 S t r e s s - S t r a in  R e la tio n  o f th e  Composites
The t e s t  procedure and th e  techn ique  o f s t r a i n  measurement xfith su rfa ce  
bonded s t r a i n  gauges have been d e sc rib e d  e a r l i e r .  I t  i s  w orth  p o in tin g  out 
th e  d i f f i c u l t i e s  encoun tered  in  th e  measurement o f su rfa c e  s t r a in s  in  
b r i t t l e  m a te r ia ls  by t h i s  te ch n iq u e . In  th e  case o f  u n re in fo rc e d  gypsum 
p la s t e r s  which e x h ib it  a  l i n e a r  e l a s t i c  beh av io u r u n t i l  f a i l u r e ,  th e  s t r a i n  
gauges gave a  reaso n ab le  in d ic a t io n  o f th e  a c tu a l  s t r a i n  in  th e  com posite 
and were e f f e c t iv e  in  re c o rd in g  th e  s t r a in s  u n t i l  f a i l u r e .  I n  th e  case o f 
f ib r e - r e in f o r c e d  gypsum com posites, th e  m a tr ix  cracked  w e ll  b e fo re  th e  com­
p o s i te  reached  i t s  u lt im a te  lo a d . T his c ra ck in g  was m u lt ip le ,  r e s u l t in g  in  
f in e  c rack s  over th e  gauge le n g th . As long as  th e  c rack s  were sm a ll, th e  
gauge reco rd ed  th e  s t r a i n  u n t i l  th e  u lt im a te  f a i l u r e ,  b u t f o r  l a r g e r  c rack s  
t h i s  was n o t th e  case* I n  some cases th e  v a r i a b i l i t y  in  th e  d i s t r i b u t io n  
o f  g la s s  n e a r  th e  su rfa ce  o f th e  com posite r e s u l te d  in  r e l a t i v e l y  la rg e  
a re a s  o f u n re in fo rce d  m a tr ix  and, d u rin g  th e  t e s t i n g  o f such specim ens, 
l a r g e r  c rack s  appeared over th e  gauge le n g th  and th e  s t r a i n  gauge became 
in e f f e c t iv e  even under in c re a s in g  lo a d . I n  a l l  such ca se s  th e  t e s t s  have 
been r e je c te d .
T his d i f f i c u l t y  was overcome by u s in g  th e  clam p-on ty p e  ex ten so m ete r which 
worked s a t i s f a c t o r i l y  f o r  th e  whole range o f th e  s t r e s s - s t r a i n  b eh av io u r 
o f th e  com posites examined. Because o f th e  low le v e ls  o f  th e  f a i l u r e  
“ s t r a i n  o f th e  m a trix  and th e  r e l a t i v e  i n s e n s i t i v i t y  o f th e  In s t r o n  e x te n -  
sp^ie ter u sed , th e  accu racy  o f measurement o f th e  e l a s t i c  l im i t  and th e  
s t r a i n  a t  th a t  p o in t i s  low, and p o s s ib le  d ev ia tio n s  o f  ± 1 5  p e r  cen t a re  
p o s s ib le  on th e  measured v a lu e s ,
6.4*1 T e n s ile  s t r e s s - s t r a i n  beh av io u r
I n  g e n e ra l th e  t e n s i l e  s t r e s s - s t r a i n  r e l a t io n  o f  th e  GRG com posites made 
by th e  sp ray  tech n iq u e  c o n ta in in g  s h o r t f i b r e s  can be re p re se n te d  sch em ati­
c a l l y ,  a s  in  F ig  6 .2 1 , There i s  a  l i n e a r  e l a s t i c  p o r t io n  o f th e  curve 
where th e  m a trix , f ib r e  and com posite deform to g e th e r  ( i e ,  have th e  same 
s t r a in )  and th e  com posite m a te r ia l  e x h ib i ts  p e r f e c t  e l a s t i c  b eh av io u r.
When th e  com posite s t r a i n  reached th e  f a i l u r e  s t r a i n  o f  th e  m a tr ix , th e  
m a tr ix  c rack s  and th e  lo ad  i s  thrown onto th e  f i b r e s  b r id g in g  th e  c ra c k s . 
T h is  a d d i t io n a l  load  on th e  f ib r e  i s  r e d is t r ib u te d  back  in to  th e  com posite 
v ia  th e  m a tr ix  f ib r e  in te r f a c e .  T his p ro cess  co n tin u es  up to  th e  u l t im a te  
lo a d . Beyond th e  p o in t o f d e v ia t io n  from l i n e a r i t y  o f  th e  s t r e s s - s t r a i n  
curve ( i e ,  e l a s t i c  l im i t )  th e  f i b r e s  tak e  more and more lo ad  and th e  con­
t r i b u t io n  o f th e  m a trix  tow ards th e  s tre n g th  o f th e  com posite d e c re a se s .
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The com posite in  t h i s  re g io n  e x h ib i ts  a  q u a s i - p la s t i c  b eh av io u r and a t  
f a i l u r e  th e  f ib r e s  support alm ost a l l  th e  load  c a r r ie d  by th e  com posite, 
th e  m a tr ix  th u s  p ro v id in g  on ly  a means o f anchoring  th e  f i b r e  a c ro ss  th e  
c rack . The f a i l u r e  i s  due to  a com bination o f f ib r e  f r a c tu r e  and f ib r e  
p u l l - o u t ,  depending upon th e  f ib r e  le n g th  and f ib r e  c o n ten t o f th e  com posite.
The s t r e s s - s t r a i n  r e la t io n s  o f th e  g la s s  f ib r e  re in fo rc e d  gypsum com posites 
c o n ta in in g  d i f f e r e n t  f ib r e  le n g th  and c o n te n t, f a b r ic a te d  by sp ray  tech n iq u e  
and compacted a t  two p re s s u re s , a re  g iven  in  F ig s  6 .22 to  6 .2 7 .
At low f ib r e  volume f r a c t io n  o f 2 — 3 p e r cen t f o r  th e  com posites c o n ta in in g  
11 mm f i b r e s ,  th e  s t r e s s - s t r a i n  b eh av io u r i s  v e ry  s im i la r  to  t h a t  o f  u n re in ­
fo rc e d  p l a s t e r .  The u lt im a te  s t r e s s  and s t r a i n  a t  f a i lu re ,  •"are o f th e  same 
o rd e r  showing no improvement in  e i t h e r  s tre n g th  o r  s t i f f n e s s  o v er t h a t  o f 
th e  u n re in fo rc e d  gypsum p la s t e r .  The q u a s i - p la s t i c  b eh av io u r i s  ab sen t 
and th e  com posite e x h ib i ts  b r i t t l e  f r a c tu r e .  F or com posites c o n ta in in g  
22 and 43 mm f ib r e s ,  a t  th e  same low le v e ls  o f f ib r e  a d d i t io n ,  th e re  i s  a  
sm all re g io n  o f q u a s i - p l a s t i c i t y  showing a  s l ig h t  (abou t 20 — 30 p e r  c en t)  
in c re a se  in  th e  u lt im a te  s t re n g th .
The f a i l u r e  i s  m ainly  by f ib r e  p u l l - o u t .  I t  seems th a t  t h i s  sm all in c re a se  
d u rin g  p u l l - o u t  could be due to  th e  c o n s tra in in g  e f f e c t  o f  th e  f i b r e s  n o ir N 
ly in g  in  th e  d i r e c t io n  o f ap p lie d  s t r e s s .  T h is e f f e c t  in c re a s e s  w ith  
in c re a s in g  f ib r e  le n g th , showing la r g e r  s t r a in s  a t  u l t im a te  f a i l u r e  f o r  
com posites co n ta in in g  43 mm f i b r e s .
Composites co n ta in in g  4 - 7  p e r  cen t f ib r e  volume f r a c t io n  show a  m oderate 
improvement in  th e  s t r e s s  a t  e l a s t i c  l im i t  over t h a t  o f b o th  com posites 
hav ing  low g la s s  co n ten ts  and u n re in fo rce d  p l a s t e r .  A s l i g h t  in c re a s e  i s  
a ls o  n o ted  in  th e  f a i l u r e  s t r a in  o f th e  m a tr ix . A p o s s ib le  e x p la n a tio n  f o r  
t h i s  in c re a se  in  th e  e l a s t i c  l im i t  o r  th e  u lt im a te  s t r e n g th  o f  th e  m a tr ix  
i s  t h a t  in  th e  case o f com posites c o n ta in in g  g la s s  c o n ten t o f th e  o rd e r  o f 
4 — 7 p e r  c e n t, which does n o t s ig n i f i c a n t ly  a f f e c t  th e  p o r o s i ty  o f  th e  
com posite, th e  m a trix  develops a  h ig h e r  s t r e n g th  because o f  f ib r e  r e s t r a i n t .  
T h is  may a lso  be a  s iz e  e f f e c t  which produces a  h ig h e r  c ra c k in g  s t r a i n  in  
th e  com posite compared to  th a t  o f th e  u n re in fo rce d  m a tr ix .
The improvement in  th e  t e n s i l e  s tre n g th  a t  th e  e l a s t i c  l im i t  caused by th e  
f i b r e  addition o f 4 — 7 p e r  cen t volume i s  modest and i s  one and a  h a l f
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tim e s  th e  m a trix  s tre n g th  f o r  com posites c o n ta in in g  11 to  22 mm f ib r e s  and 
one and a  h a l f  to  tw ice  in  th e  case o f com posites c o n ta in in g  43 mm f i b r e s .  
W ith a  low f ib r e :m a t r ix  m odulator r a t i o  o f 4*5 and. a t  r e l a t i v e l y  low er 
le v e ls  o f f ib r e  a d d it io n  o f 4 ~ 7 p e r  c e n t, th e re  was v e ry  l i t t l e  improve­
ment in  th e  e l a s t i c  m odu lii o f th e  com posites. T his i s  ex pec ted  from th e  
sim ple m ix ture  law ta k in g  in to  account th e  o r ie n ta t io n  e f f ic ie n c y  o f  th e  
system .
Above th e  e l a s t i c  l im i t  th e  s t r e s s - s t r a i n  r e la t io n s  ta k e  d i f f e r e n t  s lo p es  
in  th e  q u a s i—p l a s t i c  re g io n  which r e f l e c t s  in  tu rn  t h e i r  s t i f f n e s s  and 
g la s s  c o n te n t . The u lt im a te  s t r a in s  a t  f a i l u r e  were in  th e  re g io n  o f 
8000 — 9000 m ic ro - s tr a in  ( i e ,  0 ,8  — 0 ,9  p e r  c e n t) .
At h ig h  g la s s  co n ten t o f  above 8 volumes p e r  cen t th e re  was a  c o n s id e ra b le  
change in  th e  s t r e s s - s t r a i n  b eh av iou r o f th e  com posites f o r  a l l  th e  f ib r e  
le n g th s  in v e s t ig a te d .  There was a  s ig n i f ic a n t  re d u c tio n  in  th e  s t r e n g th  
a t  e l a s t i c  l im i t  a s  compared to  th a t  o f com posites c o n ta in in g  in te rm e d ia te  
l e v e l s  o f g la s s  c o n te n t, ie  4  -  7 p e r  c e n t, and an in c re a s e  in  th e  f a i l u r e  
s t r a i n  o f th e  m a trix  r e s u l t in g  in  a  re d u c tio n  o f th e  s t i f f n e s s  o f  th e  com­
p o s i te ,  T his i s  m ainly  due to  th e  in c re a se d  p o ro s i ty  in tro d u c e d  a t  h ig h  
volume f r a c t io n  o f th e  f ib r e s  by th e  f i b r e - f i b r e  c o n ta c t .  T h is  in c re a se d  
p o ro s i ty  a f fe c te d  th e  s tre n g th  and s t i f f n e s s  o f th e  com posite in  two ways. 
F i r s t ,  i t  reduced th e  s tre n g th  and s t i f f n e s s  o f th e  m a tr ix  th e re b y  red u c in g  
th e  c o n tr ib u tio n  o f th e  m a trix  tow ards th e se  p r o p e r t ie s .  Secondly , i t  
caused th e  m a trix —f ib r e  i n t e r f a c i a l  bond in  th e  com posite to  d e c re a se , 
r e s u l t in g  in  th e  re d u c tio n  o f th e  le n g th  e f f ic ie n c y  f a c t o r  and hence reduced  
c o n tr ib u tio n  o f th e  f ib r e  tow ards th e  com posite s t r e n g th .  By f a r  th e  l a r g e s t  
re d u c tio n  was in  th e  e l a s t i c  m odulii o f th e  com posite because  o f  th e  s e r io u s  
e f f e c t  o f p o ro s i ty  on th e  s t i f f n e s s  o f th e  m a tr ix . The s t r a i n s  a t  u l t im a te  
f a i l u r e  f o r  th e se  h ig h  volume f r a c t io n  com posites were low er th a n  th o se  o f 
com posites c o n ta in in g  in te rm e d ia te  volume f r a c t io n s .  At h ig h  p o r o s i t i e s  
th e  f ib r e  p u l l - o u t  b eg in s  a t  low le v e l s  o f s t r e s s  in  th e  f i b r e  and th e  
com posite f a i l u r e  i s  m ain ly  due to  f ib r e  p u l l - o u t .  In c re a s e d  com paction 
r a is e d  th e  e l a s t i c  l im i t  o f a l l  com posites. There was a l s o  s ig n i f i c a n t  
improvement in  th e  u lt im a te  s tr e n g th , due to  th e  improvement in  th e  i n t e r -  
f a c i a l  bond and hence h ig h e r  le n g th  e f f ic ie n c y  f a c to r s .  T h is  in c re a s e  was 
l a r g e r  in  th e  case o f com posites c o n ta in in g  h igh  volume f r a c t io n  th a n  th o se  
in  th e  low o r  in te rm e d ia te  volume f r a c t io n s .  T his was a s  ex pec ted  and con­
firm ed  th e  p rev io u s  tre n d  o f re d u c tio n  o f p o ro s i ty  w ith  in c re a s in g  com paction 
e f f o r t .
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6,4*2 S t r e s s - s t r a in  "behaviour in  com pression
The s t r e s s - s t r a i n  b eh av io u r in  com pression o f GRG com posite made "by th e  
sp ray  techn ique  does n o t seem to  d e v ia te  much from th a t  o f  th e  u n re in fo rc e d  
p l a s t e r  so long  as th e  f ib r e  in c o rp o ra tio n  does n o t in tro d u c e  c o n sid e ra b le  
p o ro s i ty .  T his b eh av io u r seems to  be th e  same f o r  th e  e n t i r e  range o f 
f i b r e  le n g th  u sed . T y p ica l s t r e s s - s t r a i n  r e la t io n s  under com pression a re  
shown in  P ig  6 .2 8 . The s t r e s s - s t r a i n  r e l a t io n  o f th e  u n re in fo rc e d  p l a s t e r  
i s  f a i r l y  l i n e a r  f o r  most o f i t s  ran g e , b u t d e v ia te s  from l i n e a r i t y  ve ry  
n e a r  th e  u lt im a te  f a i l u r e .  F or com posites c o n ta in in g  1 — 7 volume p e r 
c en t o f  g la s s ,  th e  s t r e s s - s t r a i n  b eh av iou r i s  very  s im i la r  to  t h a t  o f th e  
u n re in fo rce d  gypsum. T his i s  as expec ted , s in ce  th e  p o r o s i ty  o f  th e  com­
p o s i te s  rem ains more o r  l e s s  s ta b le  f o r  t h i s  range o f f i b r e  c o n te n t .
Beyond th e  8 volume p e r  cen t th e re  i s  a  marked d e v ia t io n  in  t h i s  b eh av io u r; 
th e  u lt im a te  f a i l u r e  s t r e s s  i s  c o n s id e ra b ly  low ered b u t th e  f a i l u r e  s t r a i n  
rem ains more o r  l e s s  a t  th e  same le v e l  r e s u l t in g  in  a  s ig n i f i c a n t  re d u c tio n  
in  th e  s t i f f n e s s  o f th e  lam in a te . T his i s  m ainly  due to  th e  p o ro s i ty  
in tro d u ce d  a t  th e  h ig h  volume f r a c t io n  o f  g la s s .
6.5 T h e o re tic a l  E s tim a tio n  o f  T e n s ile  S tre n g th  and Modulus o f  E l a s t i c i t y  
o f  GRG Composites
The th e o r e t i c a l  t e n s i l e  s tre n g th  and s t i f f n e s s  o f th e  com posites were c a l ­
c u la te d  u s in g  th e  eq u a tio n s  g iven  in  C hapter 2 and, ta k in g  in to  account 
th e  e f f e c t  o f  p o ro s i ty  on th e  s t r e s s  t r a n s f e r  le n g th  o f f i b r e  m entioned 
in  C hapter 3* These v a lu e s  a re  g iven  in  T ables 6 .8  to  6 .1 0 .
I t  i s  seen  from th e  r e s u l t s  th a t  th e  ex p erim en ta l s t r e n g th  v a lu e s  o f a l l  
th e  com posites a re  h ig h e r  th an  th o se  computed from sim ple m ix tu re  law 
excep t in  th e  case o f f ib r e  co n ten t > 8 volume p e r  c e n t .  I n  th e  case o f 
com posites c o n ta in in g  low volume f r a c t io n s ,  ie  < 2 .5  p e r  c e n t ,  th e  e x p e r i­
m e n ta lly  determ ined  com posite s tre n g th  i s  s im i la r  to  t h a t  o f  th e  m a tr ix  
s t r e n g th  and i s  h ig h e r  th an  th a t  e s tim a te d  from th e  f i b r e  c o n tr ib u t io n  
term  o f  th e  sim ple m ixture law a lo n e .
D uring a  t e n s i l e  t e s t  th e  load  on th e  com posite i s  in c re a s e d  to  reach  th e  
u lt im a te  s tre n g th  o f th e  m a trix , th e  m a trix  f a i l s  and th e  t o t a l  lo ad  
c a r r ie d  by th e  m a trix  i s  t r a n s f e r r e d  to  th e  f i b r e s .  F o r th e  com posite to  
s u s ta in  t h i s  lo ad  a t  t h i s  s tag e  th e  f ib r e s  should  be a b le  to  su p p o rt t h i s  
a d d i t io n a l  lo a d . I f  th e  volume o f th e  f ib r e s  i s  n o t s u f f i c i e n t  to  s u s ta in  
t h i s  lo a d , an in s ta n tan e o u s  f r a c tu r e  o f th e  com posite w i l l  o ccu r w ith o u t
111
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re q u ire d  w i l l  be dependent upon th e  u lt im a te  s tre n g th  o f  th e  m a trix , 
s t r e n g th  o f th e  f i b r e ,  th e  o r ie n ta t io n  o f th e  f ib r e s  and th e  f ib r e  
le n g th s  u sed . W ith th e  t e n s i l e  s tre n g th s  o f p l a s t e r  and g la s s  f ib r e  
s tra n d  o f th e  o rd e r  o f 5 MW/m2 an<^  1400 MW/m2 re s p e c t iv e ly ,  t h i s  volume 
f r a c t io n  i s  approx im ate ly  2 - 3  p e r  cen t f o r  2D random o r ie n ta t io n  o f 
f i b r e s  11 -  43 mm le n g th s . T herefo re  a t  t h i s  volume f r a c t io n  th e  com posite 
s t r e n g th  w i l l  n o t show any s ig n i f ic a n t  improvement over th e  m ax trix  
s t r e n g th .
F o r com posites c o n ta in in g  medium volume f r a c t io n ,  ie  3 -  7 p e r  c e n t, th e  
exp erim en ta l t e n s i l e  s tre n g th s  a re  h ig h e r  th a n  th e  c a lc u la te d  v a lu e s .
The h ig h e r  ex p erim en ta l s tre n g th s  o b ta in ed  could  be due to  h ig h e r  s tra n d  
s t r e n g th s  developed in  th e  com posites, as  compared to  t h a t  observed  in  
s in g le  d ry  s tra n d  t e s t s .  I t  may a ls o  be due to  b e t t e r  le n g th  e f f ic ie n c y  
ach ieved  in  a  r e a l  com posite system  c o n ta in in g  c lo s e ly  spaced  a d d i t io n a l  
f i b r e s  in  c o n tra s t  to  th a t  determ ined  from a  s in g le  p u l l - o u t  t e s t .  The 
p o s s i b i l i t y  o f improved o r ie n ta t io n  e f f ic ie n c y  a ls o  e x i s t s ,  due to  th e  
c o n s tra in e d  e f f e c t  o f  th e  random f ib r e s  ly in g  a t  a n g le s  to  th e  d i r e c t io n  
o f th e  t e n s i l e  fo rc e .
The mechanism o f s t r e s s  t r a n s f e r  in  a  com posite c o n ta in in g  c r y s ta l l in e  
b r i t t l e ,  m a tr ix  s u sc e p tib le  to  m u ltip le  c rack in g  long  b e fo re  th e  u l t im a te  
f a i l u r e  i s  n o t y e t  f u l l y  understood  and hence th e  p re s e n t  e s tim a tio n  o f  
th e  com posite s tre n g th  by th e  sim ple m ix tu re  law based  on sh e a r  la g  
a n a ly s is  m ight g ive  a  low er bound o f th e  s t r e n g th .
Composites c o n ta in in g  h igh  volume f r a c t io n ,  ie  more th a n  8 volume p e r  c e n t, 
have v e ry  h ig h  p o r o s i t i e s  due to  f i b r e - f i b r e  c o n ta c t, r e s u l t i n g  in  weak 
in t e r f a c i a l  p r o p e r t ie s .  Because o f t h i s  low i n t e r f a c i a l  bond th e  c r i t i c a l  
le n g th  requ irem en t r i s e s  q u ite  sh a rp ly . A f te r  ta k in g  in to  accoun t t h i s  
e f f e c t ,  th e  e s tim a ted  s tre n g th s  o f th e  com posite seem to  be h ig h e r  th a n  
th e  ex p erim en ta l r e s u l t s .  In  th e  e v a lu a tio n  o f th e  c r i t i c a l  le n g th  and 
hence th e  le n g th  e f f ic ie n c y  f a c to r  to  be used  f o r  p r e d ic t in g  th e  t e n s i l e  
s t r e n g th ,  th e  p o ro s i ty  o f th e  com posite in te r f a c e  has been  assumed to  be 
th e  same a s  th a t  o f th e  t o t a l  com posite. I n  r e a l  com posites o f  h ig h  
p o r o s i t i e s  th e  s i tu a t io n  may be q u ite  d i f f e r e n t  from t h i s  w ith  th e  p o s s i ­
b i l i t y  o f la rg e  v a r ia t io n s  in  th e  p o ro s i ty  d i s t r i b u t io n .  I n  a l l  p rob ­
a b i l i t y  due to  th e  f i b r e - f ib r e  c o n ta c ts , th e  p o ro s i ty  o f  th e  f i b r e  m a tr ix  
in te r f a c e  w i l l  ten d  to  be h ig h e r  th a n  th e  b u lk  m a tr ix  f a r  away from  th e
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Table 6
F ib re
le n g th
mm
11.0
22.0
43 .00
• 11 C a lcu la ted  and E xperim enta l Modulus o f E l a s t i c i t y  o f GRG 
Composites made by sp ra y -su c tio n  techn ique
F ib re
C a lc u la te d
com posite
Compaction
p re s su re
m /m 2
co n ten t 
</o by 
volume
P o ro s ity
1*
•*?m2
GIT/m GN/m2
modulus 
Gif/m2 
3 /8EfV f  
+ %
ibxpei Xiiicxi
com posite
modulus
Gll/m2
su c tio n
o n ly
tr
1 .94
4 .66  
6.50  
8 .54
28.80
28.23
30.07
37.02
14.6
14.8
14.1
11.1
76
76
76
76
14.35
15.43
15.05
12.64
15.20
16.80
17.50
8 .60
5 .0 2.23
5.31
7.30
10.6
20.41
19.06
19.00
27.28
19.4
20.3
20.3
15.4
76
76
76
76
19.64
20.42
20.88
16.82
19.40
23.00
26.60
14.20
s u c tio n  • 
on ly 2.57
4.39
6 . 9O
8.45
24.90
28.32
28.70
36.30
16.5 
14.7
14.6 
11.5
76
76
76
76
16.84  
15.26  
15.57 
12.91
17.70
17.80
20.00
10.00
5 .0 2 .60
5.32
7.40
9 .98
19.90
18.39
19.10
30.00
19.6
20.6
20.2
14.2
76
76
76
76
20 .14
21.02
20.81
15.65
21.70
25.00
26.00
10.00
su c tio n
on ly 2.404 .33
5 .94
7.80
27.99
28.49
31.44
42.42
15.0
14.8
13.4
9 .2
76
76
76
76
15.29 
15.33
14.29 
10.74
15.10
16.40
16.00
8 .0 0
5 .0 2.45
5.03
7.73
9 .58
19.64
18.02
19.86
27.53
19.8
20.8
19.8
15.3
76
76
76
76
20 .00
21.15
20.47
16.54
17.20
19.40
19.00
10.00
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s in g le  p u l l - o u t  might g ive low er va lue  th an  th a t  a c tu a l ly  re q u ire d  in  th e  
r e a l  com posite system . In  th a t  case th e  e s tim a ted  v a lu e s  w i l l  alw ays he 
h ig h e r  th an  th e  ex p erim en ta l v a lu e s  because o f th e  h ig h e r  e f f ic ie n c y  
f a c to r s  due to  th e  ex p erim en ta l d i f f i c u l t i e s .
The c a lc u la te d  and th e  experim en ta l modulus o f e l a s t i c i t y  .of th e  GRG 
com posites a re  g iven  in  Table 6 .1 1 . In  th e  c a lc u la t io n s  o f  th e  modulus o f  
e l a s t i c i t y  o f th e  com posites by th e  m ix ture  law , th e  m a tr ix  modulus has 
been  e s tim a te d  from th e  p o ro s i ty  s tre n g th  r e la t io n s  g iv en  in  P ig  3*4* The 
modulus o f g la s s  f ib r e  s tra n d  has been assumed to  be th e  same a s  t h a t  o f 
th e  g la s s  f i la m e n ts .  I t  i s  seen  from th e  Table t h a t  th e  computed and th e  
exp erim en ta l v a lu e s  a re  in  c lo se  agreem ent. There i s  no s ig n i f ic a n t  
improvement in  th e  com posite modulus when compared w ith  t h a t  o f  th e  u n re in ­
fo rc e d  m a tr ix . The maximum improvement observed has been  o f th e  o rd e r  o f 
30 to  40 p e r  cen t over th an  o f th e  u n re in fo rce d  m a tr ix . Because o f  th e  
low m odular r a t i o  o f p l a s t e r  and g la s s  and th e  low volume f r a c t io n s  o f 
f i b r e s  used in  a  2D random o r ie n ta t io n ,  th e  expected  com posite modulus 
w i l l  n o t be s ig n i f i c a n t ly  d i f f e r e n t  from th a t  o f th e  m a tr ix  and th e  e x p e r i­
m ental d a ta  confirm s t h i s .
F in a l ly ,  co n s id e rin g  th e  la rg e  number o f param eters  a f f e c t in g  th e  p r o p e r t ie s  
o f th e  in d iv id u a l p h ases , th e  d i f f i c u l t i e s  encoun tered  in  th e  f a b r ic a t io n  
o f  a  homogeneous 2D random system  and th e  in a c c u ra c ie s  in  th e  ex p erim en ta l 
d e te rm in a tio n  o f th e  i n t e r f a c i a l  p r o p e r t ie s ,  th e  sim ple m ix tu re  law modi­
f i e d  to  tak e  in to  account th e  p o ro s i ty  o f th e  p a r t i c u la te  system  g iv e s  a, 
re a so n ab le  e s tim a tio n  o f th e  com posite t e n s i l e  s t r e n g th  f o r  th e  volume 
f r a c t io n s  in v e s t ig a te d  in  t h i s  programme. The a p p l ic a t io n s  o f  a  more 
s o p h is t ic a te d  th e o r e t ic a l  a n a ly s is  based on h ig h ly  id e a l i s e d  system s was 
n o t con sid ered  s u i ta b le  f o r  th e  p re se n t system  in  view  o f  i t s  d e p a r tu re  
from th e  id e a l  b eh av io u r.
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CHAPTER 7 -  CONCLUSIONS
The fo llo w in g  conclusions have been drawn from the r e s u lt s  o f  the present
in v e s t ig a t io n s :
(1 ) S u ccessfu l r e in fo rc in g  a c tio n  was achieved by the incorporation  o f  
chopped g la s s  f ib r e  strands o f  ordinary *E! type f ib r e .  The f ib r e s  
used are chem ically  compatible w ith  the n on -a lk a lin e  gypsum p la s te r ;  
there was no d e ter io ra tio n  in  the composite stren gth  up to  one year  
when stored  in  a ir  at 40 per cent RH and 18°C.
(2 ) The fa b r ic a tio n  technique has a very large e f f e c t  on the p ro p erties  
o f the r e su lt in g  com posites. Small changes in  the method o f  fa b r ica ­
t io n  can produce s ig n if ic a n t  e f f e c t s  on the m echanical p ro p erties  o f  
the GRG com posites,
( 3) Conventional premixing techniques resu lted  in  GRG com posites con ta in in g  
a, three-dim ensional o r ien ta tio n  o f f ib r e s .  The upper l im it  fo r  the  
amount o f  f ib r e s  th a t could be mixed was about 4 P©r cent by volume.
For h igher percentages, the mix became unworkable and the f ib r e s  tended  
to  b a l l  up producing c lo t s  in  the mix. The v a r ia tio n  in  stren gth  
p ro p erties  o f the m aterial produced by t h is  fa b r ic a tio n  technique was 
high; c o e f f ic ie n t s  o f  v a r ia tio n s  were in  the range o f  20 -  25 per cen t. 
The optimum in crease  in  stren gth s obtained in  the com posites a t 4 Pe r  
cent volume fr a c tio n  o f f ib r e  made by premixing expressed  as m u ltip le  
o f m atrix stren gth  was 2 tim es fo r  modulus o f rupture, 1-|- tim es fo r  
t e n s i le  stren gth  and 1 0 - 1 2  tim es fo r  impact s tren g th . With low 
g la s s  contents o f 2 -  3 per cent by volume the on ly  s ig n if ic a n t  
improvement was in  the impact res is ta n ce  w ith  very  l i t t l e  improvement 
in  other stren gth  p ro p er tie s .
( 4 ) The spray-su ction  technique o f fa b r ic a tio n  produced com posites w ith  
planar two-dim ensional f ib r e  o r ien ta tio n . The improved f ib r e s  d is ­
p ersion  achieved by th is  technique resu lted  in  a low er s c a t te r  in  the  
stren gth  r e s u lt s  as compared to  the premixed com posites; the c o e f f ic ie n t  
o f v a r ia tio n  fo r  the strength  r e s u lt s  was in  the range o f 10 — 15 per 
cen t. For the same g la ss  content the stren gths o f th e composite made 
by t h is  technique were h igher than those made by prem ixing. This was 
due to  the grea ter  o r ien ta tio n  e f f ic ie n c y  o f the f ib r e s .  The f in a l  
water to  p la s te r  r a t io s  o f the lam inates made by t h i s  technique were
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o f  th e  o rd e r  o f 0 .3  -  0 .35 fcy w eight and, because o f  th e  low w a te r 
c o n te n t, th e  d e n s i ty  o f th e  com posite was 1 .7  -  1 .8  gm/cm3. The 
modulus o f ru p tu re  and t e n s i l e  s tre n g th  o f th e  com posites f o r  a l l  
th e  f ib r e  le n g th s  in v e s t ig a te d  in c re a se d  w ith  in c re a s in g  g la s s  con­
t e n t  up to  7 p e r  cen t by volume. The d e n s i ty  o f th e  com posite e i t h e r  
in c re a se d  o r  rem ained s ta b le  up to  t h i s  g la s s  c o n te n t . F u r th e r  
in c re a se  in  th e  g la s s  co n ten t beyond th e  7 p e r  c en t r e s u l te d  in  sub­
s t a n t i a l  re d u c tio n  in  th e  d e n s i ty , due to  th e  p o ro s i ty  in tro d u ce d  by 
f i b r e - f i b r e  c o n ta c t, and hence th e  s tr e n g th  p r o p e r t ie s  a ls o  d ecrea sed  
s ig n i f i c a n t ly .  The optimum volume f r a c t io n  th a t  can be e f f i c i e n t l y  
and e f f e c t iv e ly  in c o rp o ra te d  in  th e  p a r t i c u la t e  p l a s t e r  system  depended 
upon th e  g la s s  le n g th  and tended  to  d ec rease  w ith  in c re a s in g  g la s s  
le n g th . T his optimum volume f r a c t io n  ranges from 6 .0  to  7*0 p e r  cen t 
f o r  th e  f ib r e  le n g th s  o f 11 to  43 mm c o n sid e red . F o r a  c o n s ta n t 
f ib r e  c o n te n t, th e  com posite t e n s i l e  s tr e n g th  and modulus o f ru p tu re  
improved w ith  in c re a s in g  f ib r e  le n g th s . The la r g e s t  in c re a s e  was 
o b ta in ed  by in c re a s in g  th e  f ib r e  le n g th  from 11 to  22 mm. F u r th e r  
in c re a se  in  th e  le n g th  up to  43 mm r e s u l te d  in  m oderate in c re a se  in  
th e  s tre n g th  p ro p e r t ie s  over t h a t  o b ta in ed  w ith  22 mm f i b r e .  '.On th e  
o th e r  hand th e  im pact s tre n g th  o f th e  com posites in c re a se d  l i n e a r l y  
by in c re a s in g  g la s s  co n ten t a t  th e  same f ib r e  le n g th  o r  by in c re a s in g  
th e  f ib r e  le n g th  a t  c o n s tan t volume f r a c t io n ,  due to  in c re a se d  work 
o f p u l l - o u t .
The modulus o f ru p tu re  and t e n s i l e  s tre n g th  o f com posites made by th e  
sp ray  tech n iq u e  and compacted under p re s su re  in c re a s e d  w ith  in c re a s in g  
p re s s u re . The im pact s tre n g th  on th e  o th e r  hand d ec rea sed  s u b s ta n t i a l ly  
w ith  h ig h e r  com paction e f f o r t .  The main p ro p o r tio n  o f t h i s  in c re a s e  
in  th e  t e n s i l e  s tre n g th  and modulus o f ru p tu re , due to  com paction, 
was ach ieved  by in c re a s in g  th e  p re s su re  from a tm ospheric  to  0 .7  Mltf/m2 ; 
on ly  m oderate improvement was r e g is te r e d  by in c re a s in g  th e  p re s su re  
to  5 .0  m /m 2.
( 5) The maximum s tre n g th  range o b ta in ed  a t  7 p e r  cen t volume f r a c t io n  o f 
th e  g la s s  was o f th e  o rd e r o f 30 -  38 MIT/m2 f o r  f l e x u r a l  s t r e n g th ,
15 -  22 m /m 2 f o r  t e n s i l e  s tre n g th  and 20 — .45 Nmm/mm2 f o r  im pact 
s t r e n g th .  T his optimum improvement exp ressed  as  a  m u ltip le  o f  th e  
u n re in fo rc e d  p l a s t e r  s tre n g th  was 3 - 4  tim es f o r  f l e x u r e ,  2 - 4  
tim es f o r  t e n s i l e  and 15 -  30 tim es f o r  im pact s t r e n g th s .  The low er
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e n a  01 x n e  r a n g e  w a s  o i r u a i n e a  w i c n  x e n g i n s  01 i i ram a n a  x n e  u p p e r  
end w ith  43 mm f ib r e  le n g th s .
(6 ) The com pressive s tre n g th s  o f th e  com posite made by th e  sp ray  tech n iq u e  
were 35 — 45 M /m 2. These v a lu es  were s im ila r  to  t h a t  o f  u n re in fo rc e d  
p l a s t e r  and rem ained s ta b le  w ith  in c re a s in g  g la s s  c o n ten t so long  as 
th e  p o ro s i ty  o f th e  system d id  n o t change s ig n i f i c a n t ly .  Beyond th e  
optimum volume f r a c t io n  o f 7 p e r  c e n t, th e  com pressive s tre n g th  
reduced s u b s ta n t ia l ly  to  th e  le v e l  o f 15 - 2 0  M /m 2 .
(7 ) In c o rp o ra tio n  o f g la s s  f ib r e  in  th e  gypsum p l a s t e r  m od ified  th e  
b r i t t l e  b eh av iou r o f th e  gypsum p la s t e r  in  te n s io n . The t e n s i l e  s t r e s s -  
s t r a i n  curve o f GRG had a  l i n e a r  e l a s t i c  p o r tio n  up to  a  p o in t term ed
as e l a s t i c  l im i t .  Beyond t h i s  e l a s t i c  l im i t ,  a t  w hich m u ltip le  
c rack in g  o f th e  m a tr ix  was i n i t i a t e d ,  th e  curve showed a  q u a s i - p la s t i c  
b eh av io u r t i l l  u lt im a te  f a i l u r e .  The s t r e s s  and s t r a i n  a t  th e  e l a s t i c  
l im i t  were dependent m ainly on th e  f ib r e  co n ten t and le n g th . At th e  
. low volume f r a c t io n s  o f 2 -  3 p e r  cen t and sm all f i b r e  le n g th s  o f 
1 1 — 22 mm, th e  s t r e s s - s t r a i n  behav iou r o f th e  GRG was v e ry  much 
s im ila r  to. th a t  o f th e  u n re in fo rce d  p l a s t e r  w ith  u l t im a te  s t r e s s  o f 
5 — 6 M /m 2 and u lt im a te  f a i l u r e  s t r a in  o f 0 .03  — 0 .0 4  p e r  c e n t, 
e x h ib i t in g  b r i t t l e  beh av io u r. At medium volume f r a c t io n s  o f 3 — 7 p e r  
cen t th e re  was s ig n i f ic a n t  improvement in  th e  s t r e s s  a t  e l a s t i c  l im i t  
and th e  s t r a in  a t  which m u ltip le  c rack in g  o f th e  m a tr ix  o ccu rred .
The s t r e s s  a t  e l a s t i c  l im i t  was 9 •** 12 M /m 2 and th e  s t r a i n  a t  th e  
o n se t o f c rack in g  was 0 .05 -  0 .06  p e r  c e n t. T h is  im provem ent, when 
ex p ressed  as a  m u ltip le  o f th e  u n re in fo rce d  p l a s t e r  p ro p e r ty  was
1.25 -  1 .5  tim es f o r  s t r e s s  and s t r a i n .  A ll th e  com posites had u l t i ­
mate f a i l u r e  s t r e s s  and s t r a in s  o f 15 -  20 M /m 2 and 0 .7  to  0 .9  p e r  
cen t r e s p e c t iv e ly .  At h igh  volume f r a c t io n ,  ie  > 7 p e r  c e n t, where 
p o ro s i ty  became a  dominant f a c to r ,  th e re  was a  c o n s id e ra b le  d ec rea se  
in  th e  s t r e s s  a t  e l a s t i c  l im i t  and la rg e  in c re a s e s  in  th e  c ra ck in g  
s t r a i n .  The s t r e s s  and s t r a i n  le v e ls  were 6 — 7 M /m 2 and 0 .0 8  —
0.1 p e r  cen t r e s p e c t iv e ly ,  r e s u l t in g  in  a  reduced s t i f f n e s s  o f  th e  
com posite..
(8 ) The s t r e s s - s t r a i n  behav iou r o f th e  com posite in  com pression  was 
s im i la r  to  th a t  o f  u n re in fo rce d  gypsum p la s t e r  e x h ib i t in g  l i n e a r  
e l a s t i c  b eh av iou r t i l l  f a i l u r e .  The u lt im a te  s t r e s s  and s t r a i n s  a t  
f a i l u r e  were in  th e  range o f 35 -  45 M / m2 and- 0 .3  p e r  cen t 
f o r  com posites c o n ta in in g  2 - 7  p e r  cen t volume o f f i b r e .
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( 9 ) The modulus o f e l a s t i c i t y  o f th e  com posites made by th e  sp ray  te c h ­
n ique  c o n ta in in g  2 - 7  p e r cen t f ib r e  by volume ranged  from 
1 6 - 2 0  Gll/m2* T his in d ic a te s  v e ry  l i t t l e  improvement over th e  modu­
lu s  o f  14 -  18 GN/m2 o f th e  u n re in fo rce d  p la s te r*  There was an 
improvement o f 15 — 20 p e r  cen t by in c re a s in g  th e  com paction p re s su re  
o f th e  com posites* At h ig h  volume f r a c t io n  o f more th a n  7 p e r  cen t 
th e  modulus decreased  co n s id e ra b ly  to  a  va lue  o f  8 — 10 GN/m2*
(10) F or f i b r e  c o n ten ts  o f 2 -  3 p e r  cen t th e  com posite f r a c tu r e d  in  a
b r i t t l e  manner e x h ib i t in g  n e g l ig ib le  f ib r e  p u l l - o u t ,  w hereas f o r  
f ib r e  c o n ten ts  o f above 3 p e r  cen t th e  com posite f r a c tu r e d  in  a  q u a s i­
p l a s t i c  manner e x h ib i t in g  la rg e  amounts o f  f ib r e  p u l l - o u t  a t  th e  
f r a c tu r e  face*
(11) I n  s p i te  o f th e  la rg e  v a r i a b i l i t y  o f th e  s t r e n g th  r e s u l t s ,  th e  
th e o r e t i c a l  e s tim a tio n  o f s tr e n g th  and s t i f f n e s s  o f  th e  com posites 
based  on sim ple m ix ture  law — ta k in g  in to  account th e  le n g th , 
o r ie n ta t io n  e f f ic ie n c y  and p o ro s i ty  e f f e c t  -  were w ith in  i  20 p e r  cen t 
o f t h a t  o f th e  ex p erim en ta l v a lu e s . The d if f e r e n c e  betw een th e  e s t i ­
mated and ex perim en ta l s tre n g th  in c re a se d  a t  th e  ex trem es o f ‘v e ry  low 
and v ery  h ig h  volume fra c tio n *
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APPENDIX A : C a lc u la tio n  o f  th e  P o ro s ity  o f th e  GRG Composite
D ata:
G lass  co n ten t o f th e  com posite exp ressed  a s  
a  p e rcen tag e  o f d ry  w eight o f th e  com posite = a
Dry d e n s i ty  o f th e  com posite » D g/cm3
D e n sity  o f *E* g la s s  = 2*54 s / cm3
D en sity  o f d ih y d ra te  gypsum = 2 ,3 0  g/cm3
C a lc u la tio n s :
» q
W eight o f g la s s  in  1 cm3 o f d ry  com posite -  ~ qq~ S
" gypsum " ” ”
Volume o f g la s s  in  1 cm3 o f d ry  com posite
P (100  -  a) 
100
D x a  3I I I i r - - - - - -  - fMTl
100 x 2 .54
gypsum " " " _ P(100 -  a) „ 3
"  100 x  2 .3
T o ta l volume o f  s o l id s D x a D(100 -  a)= 100 x  2 .54  + 100 x  2 .3
-  --25.4P -  0 o24aD - _ cm3 
~ 100 x 2 .54  X 2 .3
. 254D -  0.24Da
Volume o f p o res  .  1 -  ^  ^ X 5 4 ' x '213
P e r cen t p o ro s i ty  = (1 -  x  100
= 100 _  £  (100 -  % g | )
(i)
APPENDIX B : E stim ation  o f the Fibre Content and Water Content by Weight
o f the sucked Board and Fibre Volume F raction  o f Set Dry 
Composite
(a) Fibre content o f the board expressed as percentage o f  i t s  w eight 
im m ediately a f t e r  su ction :
Data:
T otal g la s s  chopped 
Weight o f the resid u a l p la s te r
Weight o f  the p la s te r  used 
” ” water ”
= W1 kg 
e W2 kg 
= W3 kg
s lu rry  in  the pump and system « W^  kg
Weight o f  demoulded sucked board = W,_ kg
ft f! ex tracted  water =‘ Wg kg
C alcu lation s:
G la ss /s lu rr y  r a tio  o f spray
Weight o f  g la ss  + slu rry
in  the board _ W^  + Wg kg 
(W5 + Hg) x  W3
= Tvf, + w”' -  w4 rAmount o f g la s s  in  the board
W? kg
Per cent g la s s  content by weight 
o f the sucked board
Weight o f th e g la s s  
Weight o f demoulded
sucked board
rr- x  100
(i)
(*> Water content o f the sucked hoard:
Data:
Weight o f sucked hoard 
E xtracted water
I n i t i a l  w a ter /p la ster  r a tio
Weight o f g la s s  in  the demoulded
hoard
C alcu lations:
Weight o f p la s te r  s lu rry  + g la s s  
in  the sucked hoard
Weight o f p la s te r  slu rry
Weight o f dry p la s te r  powder in  
the hoard
Weight o f water in  the hoard
Weight o f water extracted
Weight o f water remaining in  the
hoard
The f in a l  W ater/p laster r a tio  
o f  the sucked demoulded hoard
» • kg
= kg
W2 
“ w1 ■
(w5 + w6)w3 
“  (W1 +W2 -  w .)
= W  ^ kg 
a  + W-g kg
a (W  ^ + Wg -  W^) kg 
= «8
w
= x w8 ke
w
■ x  w8 **
= W6 kg
w
= V v T T T !^  -  v,6
a. W  ^ kg
_ (W1 *  W2)W9
(ii)
(c )  F ib re  volume f r a c t io n  o f s e t  d ry  com posite:
D ata:
Dry d e n s i ty  o f th e  com posite » D g/cm3
P er cen t g la s s  co n ten t "by w eight 
o f  d ry  com posite w eight = a
D en sity  o f *Ef g la s s  = 2 .54  g/cm3
C a lc u la tio n s :
1 cm3 o f com posite w eighs fDf g
and co n ta in s  ” Y(5q"* & €^a ss
3C 3» oVolume o f g la s s  in  th e  com posite = ■— ■- ■■■. cm3IUU X c* 0
c •
P er cen t volume f r a c t io n  o f f ib r e  Volume o f  f ib r e
.. . , Volume o f com positem  th e  com posite *
D x a  . nr,x  100
x 100
100 x  2 .54
D .a
’ 2 .54
( i i i )
